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ABSTRACT 
Highly Parallel Microscale Force Measurement Device for  
Mechanically Directed Cell Growth 
In this dissertation a novel method to measure micro-nano Newton forces in parallel 
was presented. An array of PDMS microbeams with diameters of 10-40 μm and lengths 
of 118-250 μm was fabricated for parallel force measurement. The highly compliant, 
transparent, biocompatible PDMS microbeam array offers a method for rapid throughput 
in cell mechanics force measurement experiments with sensitivities necessary for highly 
compliant structures such as axons. Force is measured using a combination of beam 
theory, optical microscopy, and image analysis. The primary instrument is a calibrated 
polymeric microbeam array mounted on a micromanipulator with the eventual purpose of 
measuring traction forces on cell arrays. The elastic modulus of a 20%-curing ratio 
PDMS array was measured with the designed device. An Otsu-based image analysis code 
was developed and calculates displacement and force on cellular or other soft structures 
by using edge detection and image subtraction on digitally captured optical microscopy 
images. Forces as small as 250 nN ± 50 nN and as great as 25 μN ± 2.5 μN may be 
applied and measured upon as few as one or as many as hundreds of structures in parallel. 
As an enabling technology, two different methods of protein printing, dip-pen and 
microcontact printing, for arraying neurons were also employed. The eventual goal of the 
device being force measurements on cells, the initial results on forebrain neurons are also 
presented. This work has two endpoints. One is to use a neural array as an experimental 
test bed for investigating neuronal cell growth hypotheses. The other endpoint is to 
enable the next generation of cell based sensors
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CHAPTER 1: INTRODUCTION 
This chapter introduces some of the major concepts included in the dissertation, 
which is motivated by the need for a highly parallel microscale force measurement. 
Throughout the chapter, overviews of the current micro-nano scale force measurement 
systems, force measurement studies on different cell types, including the efforts on 
neurons, are presented, along with some alternative methods in cell stretching. The 
chapter is concluded by an outline of the dissertation. 
 
1.1 Motivation 
Despite the presence of numerous studies performed on single cell responses, only a 
few elaborate on parallel force measurement strategies. Existing cell manipulation 
techniques, such as glass pipettes, laser tweezers, and laser-guided direct writing, involve 
single cell manipulation (Horn, 1986; Fass and Odde, 2003; Van Vliet et al., 2003; 
Jaasma et al., 2007; Ng et al., 2007; ). The advantage of parallel measurement methods 
over the single cell approach is that the former promises higher throughput data and 
furnishes information on the mechanical properties of cell phenotypes. 
The mechanical stimulation of living cells is as important as that induced by 
chemical signals. Various cell types exhibit different responses when subjected to 
mechanical stimulations. For example, in chondrocytes, mechanical force stimulates the 
synthesis and maintenance of their extracellular matrix (Ng et al., 2007), whereas in 
endothelial cells, it has been demonstrated that transient directed forces may create 
morphological and gene expression profile changes (for review see Chien, 2007). 
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Endothelial cells also typically align in the direction of high shear flow both in vivo 
(Langille and Adamson, 1981) and in vitro (Butcher et al., 2004) On the other hand, 
axons have been shown to grow in the direction of the applied forces (Bray, 1984; 
Dennerl et al., 1989; Zheng et al., 1991). 
Recent advances in the fabrication of microscale and nanoscale devices increased the 
need for measuring forces below 1 μN. Sub-micron force measurement systems are 
particularly important in many different techniques, such as micro propulsion systems or 
cell mechanics. Moreover, the need for measuring small scale force measurements also 
brought about the need for the calibration of these devices (Selden et al., 2003). The two 
most successful submicron calibration techniques are the gas dynamics technique of 
Jamison et al., 2002, and the electrostatic calibration technique of Gamero-Castano et al., 
2000. Both of those methods can be used for in situ calibration that can be validated by 
analytical techniques. 
In our study, we developed a novel microfabrication-based nanonewton force 
measurement methodology, which measures forces in parallel by the custom written 
MATLAB code. The current aim is the determination of the mechanical properties of 
various structures, with the ultimate goal of future utilization of this technique to 
artificially pull axons, both individually and in parallel, out from neuronal cell bodies, 
while measuring the mechanical tension on a cell-by-cell basis. 
 
1.2 Force measurement systems and their calibrations 
Comprehensive research on the measurement of small forces and the traceability of 
the smallest forces has become a significant demand of nanotechnology. Currently, a 
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number of techniques and applications, such as atomic force microscopy, coordinate 
measuring machines, study of micromechanical material properties such as hardness and 
modulus, fatigue and fracture of thin films, adhesion of ultra-thin films and measurement 
of covalent bond forces, are in development. The major challenges in mechanical testing 
at micron or nano scales are the application of controlled amounts of force or 
displacement, the preparation of specimens and the accurate measurement of stress and 
strain (Sharpe, 2008). For an accurate determination of force values, high precision 
instrumentation and precise modeling are required. Within this context, many studies 
have been realized with emphasis on the mechanical modeling and design, which possess 
broad measurement ranges with high resolution, similar to those of micro-weighing 
mechanisms (Choi et al., 2006). In this paper, a detailed design method and specifications 
are proposed and arranged systematically, in which a displacement amplification system 
and a parallel spring are used. The design study concentrates on a force precision 
measurement in the precision industry at resolutions of 0.1 mg. In another theoretical 
study, a concept for the development of instrumentation and methods for the 
measurement of micro- and nano-forces in the range below 10−5 N with a resolution of 
10−12 N are presented (Nesterov, 2007).  
Due to the existing forces in MEMS devices, such as the Coriolis force in 
mechanical sensors and Van der Waals force in atomic force microscopes, it is necessary  
that forces less than 1 μN be measured (Miyamoto et al., 2008). For this purpose, a 
folded-beam spring device was designed with spring constants between 0.19-0.55 N/m 
and with a force resolution of 0.2 μN as measured by an electromagnetic force feedback 
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balance. Additionally, MEMS devices are also used to evaluate the properties of nano-
scale materials. 
A very well-known method for the study of mechanical properties of materials is 
nanoindentation. Because of the ease and speed with which it can be carried out, it has 
been the most commonly used technique for measuring the mechanical properties of 
different materials. Kim et al., 2006 presented a method, in which they modified a current 
specially prepared diamond tip to measure the indentation hardness with an indentation 
depth as low as 1 nm. The indentation hardnesses of a single silicon crystal and magnetic 
thin film rigid disks were reported. In the case of a single silicon crystal, the indentation 
hardness was reported to be 9 GPa with 1 nm indentation depth, while the corresponding 
values for the magnetic thin film rigid disk were 9 GPa and 40 nm, respectively. 
However, unless individually calibrated, AFM tips may not provide very reliable force 
measurements on nano-newton levels and they can not be used in parallel.  
Nanonewton drag forces can be calculated in the near-wall region, using micro-
pillars with a diameter of  few microns (Grosse et al., 2006). This method is based on an 
optical detection of the pillar deflection caused by the fluid forces. The pillars are made 
of an elastomeric material and the deflections may be observed easily by using a highly 
magnifying optical system. 
As much as there is a need for force measuring devices, there is also a significant 
need for the calibration of these instruments. Micro-machined force sensor devices 
operating with micro-newton instruments can be calibrated by using both static and 
dynamic methods (Nafari et al., 2007). The sensing of a micro-scale force is important in 
individual cell-based diagnosis; obtaining force information is the main objective, 
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because examining the patterns of interacting forces between the manipulator and the 
object provides information on various properties of the cell (Lu et al., 2006). 
The ‘nano force calibrator’ (NFC) is an atomic force microscope (AFM) cantilever 
calibration system, consisting of a microbalance and a precision translation stage. The 
results show that NFC provides reliability and accuracy through a series of experiments 
with a commercial piezoresistive AFM cantilever. While AFM tips are widely used for 
standard imaging techniques, they also have increasing usage in nano-mechanical testing 
(Bhusnan and Koinkar, 1994).  
In order to study the effect of contribution of polymers to soft materials, the 
capability of the AFM to perform nanoindentation experiments was used (Noel et al., 
2003). In this study, quantitative and reproducible data with the Atomic Force 
Microscope (AFM) was collected and the influences of creep and strain rate were studied. 
The technique was also used to probe model cross-linked polydimethylsiloxane (PDMS) 
and to obtain its mechanical properties at the nanoscale. by comparing different contact 
mechanics theories (Hertz and JKR theories and a power law expression). The contact 
mechanics relationships have been adapted to soft materials.  
A soft-material elastic modulus and shear modulus sensor using piezoelectric 
cantilevers was also developed (Markidou et al., 2005). In this study, they used 
piezoelectric cantilevers for measuring the elastic and shear moduli of soft materials with 
forces in the submilli Newton to milliNewton range. Elastic moduli and shear moduli of 
soft materials were measured using piezoelectric cantilevers with a straight tip and an L-
shaped tip, respectively. 
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1.3 Force measurements on different cell types 
As the fundamental importance of understanding cellular mechanics has increased 
and experimental methods for interrogating mechanical properties of cells have 
advanced, many techniques have been developed for force measurement on the cellular 
level. For review, see (Van Vliet et al., 2003). Traditional approaches have been limited 
to only probing one cell at a time or tediously performing a large number of serial 
measurements.  One popular emerging method is the use of polydimethylsiloxane 
(PDMS) microstructures as force sensors to optically determine cell traction forces from 
measurements of beam deflections (Tan et al., 2003; du Roure et al., 2005; Zhao et al., 
2005; Li et al., 2007). The mechanical interaction of living cells with their extracellular 
matrix is very important in determining the physiological properties of cells, such as 
macroscopic force generation, growth and division. Zhao et al., 2005 demonstrates a 
method for measuring the cellular forces in isolate cardiac myocytes, using single-spaced 
polymeric microstructures with diameters of 2 μm. The structures were fabricated and the 
spring constant was determined. This method successfully eliminates the direct adhesion 
of the base substrate and the cells. The isolation was validated by tracing the 
displacements of individual structures underneath and away from the cells. The 
measurements give a force distribution with a subcellular resolution. It was also observed 
that the results conform to the physiological behavior of cardiac myocytes. 
Cells may also respond phenotypically to their mechanical environment. For 
example, compressive force stimulation directs pluripotent mesenchymal stem cells to 
form osteoblasts and chondroblasts (Yanagisawa et al., 2007). Osteocytes adapt and 
remodel their structure to their local strain environment (Ehrlich and Lanyon, 2002; 
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Bonewald, 2006). The processes by which cellular reactions to mechanical forces 
manifest themselves in chemical signals have been intensively studied. For review, see 
(Alenghat and Ingber, 2002; Huang, Kamm et al., 2004). Smooth muscle cells in 
arterioles respond to an increase in intraluminal pressure with vasolidation and with 
vasconstriction when pressure is decreased (Hill, Zou et al., 2001). Although the exact 
processes are not fully understood, the cytoskeletal proteins, integrins, G proteins, 
receptor tyrosine kinases, mitogen-activated protein kinases, and stretch-activated ion 
channels all appear to be major components in regulating the protein expression profiles, 
cell phenotype, and cell morphology (Wang and Thampatty, 2006). 
Cells are also able to adapt themselves to the changing mechanical environments. 
Osteoblasts have been shown to increase their stiffness when subjected to mechanical 
loads (Jaasma, et al., 2007). In this study, whole-cell stiffness was found to be 1.36-fold 
and 1.70-fold greater for cells exposed to 1 and 2 Pa shear stress loading, respectively, as 
compared to the cells maintained under static conditions. A statistically significant 
increase of 1.25-fold in cell stiffness was also observed by the increase in shear stress 
magnitude from 1 to 2 Pa. 
Laser tweezers also offer an attractive method for nanoscale force measurements on 
cells (Liu et al., 2006); however, these can not yet be used efficiently for parallel 
measurements (Danilowicz et al., 2005). Liu et al., 2006 studied the mechanical behavior 
of erythrocytes experimentally and numerically. In their method, silica microbeads were 
attached to the erythrocytes and the cells were stretched by single laser beam. The 
stiffness of the erythrocytes were determined experimentally and validated with 
numerical results. The stiffnesses of the cells were found to be approximately 5 μN/m. 
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Danilowicz et al., 2005 presented a new tool for measuring ligand-receptor complex 
bonds at the single-molecule level, using magnetic tweezers. They immobilized specific 
receptor molecules on the surface of super-paramagnetic beads and corresponding ligand 
molecules on a fixed surface. Their system is capable of doing parallel measurements on 
many single complexes. 
Microgrippers are widely used for gripping objects of very small magnitude. MEMS-
based microgrippers are emerging potential technologies for measuring cell stiffnesses 
(Lee et al., 2003). In this paper, modeling, analysis, gripper design, force sensing, and 
micromanipulation experiment are described. An analytical model has also been derived 
to study the force and motion profiles during manipulation.  
While using microgrippers for cell manipulation, fundamental difficulty arises from 
the fact that the cells are mostly smaller than the manipulator. Some of the other major 
problems encountered are the thermal problem due to the the excessive heating at the tips 
of the handles, and the sticking. Among the various actuation methods used in 
manipulating the microgrippers, shape memory actuators, polymeric micro gripper with 
integrated thermal actuators, and piezoelectric are the most preferred. In this dissertation, 
some of these sophisticated methods are compared by presenting the advantages and 
disadvantages of each. Thermal actuation poses severe limitations when operating in 
biological fluids, because they are intrusive to sensitive biological environments (Ok et 
al., 1999). Mechanical microgrippers with two or more fingers offer more flexibility to 
manipulate objects of various shapes (Zhang et al., 2004). Because of the adhesion 
forces, the problem arises mostly from the sticking affect, but not from the gripping. 
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Atomic force microscope (AFM) tips with relatively large stiffness values (μN/μm), 
when in conjunction with a photodiode array, can measure forces on the order of pN 
(Jacot et al., 2006) and have been used in torsion mode to measure small forces, e.g. 
(Bhushan and Kasai, 2004). Jacot et al., 2006 used a microindentation technique to 
demonstrate and to measure the elastic modulus of soft, hydrated gel and soft tissues. 
Their technique does not have any limitations on the thickness of the sample; however, 
the regular AFM techniques usually can not be used for thicknesses more than 100 μm.  
Among other prospective technologies for nanoscale force measurement are carbon 
fiber beams (Nishimura et al., 2004) or carbon nanotubes (Salvetat et al., 1999). 
However, difficulties in spatial ordering, and potential cytotoxicity e.g. (Sayes et al., 
2006), make these approaches less attractive for cell mechanics experiments. Other force 
measurement devices, such as piezoelectrics (Rogers et al., 2004), have yet to gain 
widespread use for single cells. 
 
1.4 Force measurements on neurons 
 Nerve cells (neurons) are electrically excitable cells that are highly specialized for 
the processing and transmission of cellular signals (Kandel, 2000). They are core 
components of brain, vertebrate spinal cord, peripheral nerves, and invertebrate ventral 
nerve cord. Neurons are typically composed of a soma (cell body), a dendritic tree, and 
an axon (Figure 1). Given the diversity of functions performed by neurons in different 
parts of the nervous system, there is, as expected, a wide variety in their shape, size, and 
electrochemical properties. The soma of a neuron can vary from 4 to 100 micrometers in 
diameter, while the axon is a finer, cable-like projection, which can extend tens, 
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hundreds, or even tens of thousands of times the diameter of the soma in length. The axon 
carries nerve signals away from the soma (some axon types also carry information back). 
Many neurons have only one axon, but this may and usually will undergo extensive 
branching, enabling communication with many target cells. Microtubules are structural 
components within the cells and are involved in many cellular processes, such as mitosis 
and cytokinesis. 
 
 
 
Figure 1. A schematic of a neuron. Soma contains the nucleus of the cell. The axon 
carries nerve signals away from the soma (some types also carry back). Input usually 
occurs at the dendrites. Microtubules serve as structural components within the cell. 
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To remain healthy, a neuron must maintain a mechanically robust and dynamic 
cytoskeleton. A wide variety of studies over the past three decades have revealed that 
microtubules and actin filaments play critical mechanical roles in the outgrowth and 
maintenance of the elongated axons extended by neurons. More recently, it has been 
suggested that the molecular motor proteins that generate forces on these cytoskeletal 
elements may be critical due to their ability to perform such mechanical roles. In case this 
idea is valid, the mechanical properties of the axon are not dictated by the mere presence 
of the microtubules and actin filaments in the axon, but rather by the motor-based forces 
that push and pull upon them. The proposed technology in this dissertation, once it is 
complete, will be capable of resolving mechanical differences associated with the levels 
of these proteins. In the 1980s, the laboratory of Steven Heidemann developed innovative 
techniques for performing such measurements, using individually calibrated glass 
micropipettes, which could be used to pluck on the axons or to pull axons out from the 
cell body of the neuron (Dennerll et al., 1988). While it is well known that neurons rely 
on the electrical properties of their ion channels and membranes to transmit information, 
they also rely on their sophisticated cytoskeletons to maintain growth and structural 
dynamics (Chada et al., 1997).  
The majority of vertebrate neurons receives an input of information to the cell body 
from the dendritic tree, and then dispatches this information via the axon. The possible 
future application of our proposed device aims at exploiting this property by printing 
neurons in a predetermined configuration, controlling contact points and investigating 
communication rates through a neuronal network with a quantifiable degree of 
connectivity. There is great heterogeneity throughout the nervous system of the animal 
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kingdom with regard to neuron size, shape and function. Another overarching goal of this 
research will be to understand the mechanical processes that affect neuron morphology, 
development, and maintenance. This includes understanding how the cytoskeleton of the 
neuron interacts with the membrane to produce directed cell growth, and how 
pharmaceutically induced cytoskeletal alteration affects this growth e.g. (Hasaka et al., 
2004).  
Living cells change shape in response to applied mechanical forces (Vandenburgh 
and Kaufman, 1979). Extended components of neurons, known as neurites, which have 
the potential of developing into axons, are demonstrated to be initiated in vitro by 
localized application of tensile forces (Bray, 1984; Dennerll et al., 1989). Dennerll et al., 
1988 applied forces on neurites with calibrated glass needles and measured PC-12 neurite 
length and deflection of the needles to assess their mechanical properties. The average 
stiffness value of the neurites was approximately 250 pN/μm. 
In order to understand the axon mechanics, different results of methods on force 
measurements should be considered. Among the variety of reasons for performing such 
force-deflection measurements are understanding the effects that various cytoskeletal 
proteins have in determining the mechanical properties of axons (Ingber, 2003), 
understanding the role that various pharmaceuticals play in affecting neural growth 
characteristics (Bell, 1996), and understanding the effects that various neurotoxins have 
on neural growth characteristics (Li et al., 1998). 
Network arrays of neurons seeded on microposts have been constructed for the 
purpose of mechanically stimulating multiple neurons simultaneously (Baldi et al., 2003). 
However, since the microbeams were made of silicon, they had a stiffness roughly six 
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orders of magnitude greater than that of the neurons, and thus, were incapable of a 
sensitive force measurement. Fass, Odde and coworkers, 2003 have developed a 
magnetic-bead approach for teasing out individual axons with a force precision of ~2-4 
pN, using a magnetic field with a spring constant of ~12 pN/μm, where a 450 pN force is 
applied on forebrain nerve cells (Figure 2). This technique is becoming increasingly 
popular due to its high sensitivity and has recently been used in parallel systems 
(Danilowicz et al., 2005). However, it has not yet been demonstrated in a regular array 
pattern for cellular force measurement applications.  Currently, this approach is attractive 
for its high degree of precision, but has the drawback that only one axon may be 
stimulated at a time in a controlled manner. Other groups have recently used low aspect 
ratio (< 1:5) polydimethylsilixone (PDMS) microbeam arrays cast from silicon-etched 
microbeams, known as mPADs (microfabricated post array detectors), to measure forces 
on the order of a few tens to hundreds of nanonewtons per micrometer in fibroblast 
populations (Lemmon et al., 2005). Their method allows the cultured cells to sit atop the 
microbeam array, with individual cells spanning several beam tips, actively straining the 
beams. 
A microstepper motor system was also used to stretch the nerve cells. Cells were 
stretched at a rate of 8 mm/day and reached 10 cm with no disconnection (Pfister et al., 
2004). In this method, the stretch growth potential and tolerances of integrated axon 
tracts were explored in vitro. Using a specially designed microstepper motor system, 
axons spanning two populations of neurons were elongated at varying rates over days to 
weeks. The axon elongation rate and the final length that was reached were much more 
than the previously obtained stretching results 
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Figure 2. A force of 450 pN is applied in 30 minutes. The force was ramped from 100 pN 
to 450pN until the neurite is initiated. The distance between the electromagnet pole piece 
and the magnetic bead was kept constant. 
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While previously glass has been used for neurite inititation (Zheng et al., 1991; 
Chada et al., 1997), we preferred to use the soft material polydimethylsilixone (PDMS) 
for our parallel force measurement device. PDMS has the advantages of mechanical 
compliance, manufacturability and biocompatibility (Zhao et al., 2005), together with 
additional attributes, such as its usability over a high temperature range (-100°C to 
100°C), low chemical reactivity, and non-toxicity (Lotters et al., 1997), as compared to 
other polymers. Because of its relatively small modulus of elasticity, 500 kPa-1 Mpa, 
microbeams can be easily manufactured with stiffnesses close to those of axons, 
approximately 10 pN/µm (Kis et al., 2002). The small stiffness of our proposed device, 
using PDMS, allows us to put forward an ultimate goal as  the application of this device 
as a force measurement system on living cells. In future studies, the small stiffness value 
of the device may also enable its utilization in cell stretching experiments for measuring 
axon stiffnesses of neurons.  Since the stiffness values of the microbeams are on the same 
order of magnitude as the axons, the deflection of each structure can be measured using 
an optical microsope if required conditions, such as adhesion of the beams to the cells, 
and small force levels on the order of pN, can be provided. 
Another primary advantage of PDMS over silicon-based force measurement 
strategies, such atomic force microscopy, resides in its optical transparency. In our 
preliminary preparations with chick dorsal root ganglion (DRG) cells, we have 
demonstrated the possibility of resolving individual axons in brightfield images and 
fluorescent light images. The images in Figure 3 were taken with the microbeam between 
the light source and the sample. 
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Figure 3. a) brightfield image b) brightfield image with PDMS array between light 
source and DRG cluster. Notice that axons are clearly visible even with the PDMS 
microbeam in line with the light source. c) fluorescence image of DRG cluster                 
d) fluorescence image with PDMS array on top of DRG cluster. Fluorescence image is 
less affected since the sample is illuminated from below. 
 
 
 
 
 
    
17
The previous efforts for measuring cell stiffness, summarized in this chapter, clearly 
indicate that the future goal of similar future studies should include the design and 
fabrication of parallel force measurement devices, which will allow the measurement of 
the stiffness of axons, the determination of the mechanical properties (Young’s modulus, 
stiffness, etc.) of both the axons and the microtubules, and the quantification of the 
necessary forces for growth of neurons.  
The previous works on the stiffness of laterally stretched PC-12 neurites and axially 
stretched chick dorsal root ganglia (DRG) demonstrated that axons and microtubules 
have the following stiffnesses (Table 1) (Dennerl et al., 1989; Kis et al., 2002) 
 
Table 1:  List of Parameters 
Component Temperature (˚C) Stiffness (N/m) 
Axon-Lateral 37      6.28 x 10-6 
Axon-Axial 37      2.25 x 10-5 
Microtubule-Lateral 25      0.00343 
Microtubule-Axial 20      0.049 
 
 
These results indicate that the stiffness of the future parallel force measurement devices 
should be on the order of piconewton or nanonewton level in order to comply with 
different cell types. A comparison of different approaches for measuring cell stiffness 
presented throughout this chapter is summarized in Figure 4. Different approaches to 
direct the cell growth and measure the mechanical properties of cells were also compared 
(Table 2).  
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Figure 4. Comparison of previous and potential approaches for measuring cell stiffness. 
Our proposed design is one million times more compliant than silicon microgrippers of 
similar dimension, two orders of magnitude more compliant than carbon nanotubes of 
same size, and five orders of magnitude more compliant than AFM tips. The length given 
for the magnetic particle is that of the particle diameter used by Fass and Odde, For a 
comprehensive review of additional microscale and nanoscale force measurement 
techniques, see Van Vliet et al., (2003). 
 
Table 2. The comparison of different approaches 
 
Technique Similarity of stiffness to cells Transparency Parallel 
Force 
calculation 
AFM No No No Yes 
Aclar-microstepper Yes Yes Yes No 
Magnetic bead Yes No No Yes 
Glass micropipettes Yes Yes No Yes 
Microbeams Yes Yes Yes Yes 
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1.5 Organization of the dissertation 
The thesis is organized as six chapters. Chapter I is the introduction to the previously 
reported and currently used micro and nano scale force measurement techniques, the 
response of various cell types to external forces, and force measurement methods on 
cells. Chapter II presents a method to design a high-aspect-ratio tapered PDMS 
microbeam array for parallel nanoscale force measurement and protein printing. Chapter 
III explains the procedure for the microfabrication of the parallel force measurement 
device. Chapter IV describes an image analysis method and its validation for tracking the 
displacements of parallel mechanical force sensors, where force is measured by using a 
combination of beam theory, optical microscopy, and image analysis. Chapter V 
elaborates on two different protein printing methods, dip-pen protein printing, and 
microcontact printing for successive attachment of neurons onto glass. It also presents 
initial studies on directional cell growth. Chapter VI concludes the dissertation with 
preliminary studies on neuron stretching and suggestions on prospective future work in 
the application of the proposed device. 
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CHAPTER II: DESIGN STRATEGY OF A HIGH ASPECT RATIO PDMS 
MICROBEAM ARRAY AND FABRICATION OF THE PROTOTYPE 
Techniques, such as magnetic tweezers, optic tweezers, and atomic force 
microscopy, have been used to measure forces on the order of piconewtons to 
nanonewtons. In this chapter, we propose a method to measure forces in parallel by a 
microbeam array. In order to measure forces in parallel, different theories such as Euler 
beam theory, Timoshenko beam theory and finite element analysis methods were used. 
PDMS will be used in actual parallel force measurement device and the elastic modulus 
was determined experimentally by a custom made large scale prototype. The possible 
measured forces of the prototype is on the order tens of micronewtons and the precision 
by which we are able to apply a known mechanical force using the actual device will be 
on the order of tens to hundreds of nanonewtons. 
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2.1 Introduction 
In this chapter, a novel method to design a high-aspect-ratio PDMS microbeam array 
for parallel nanoscale force measurement is presented. The strategy, which will be 
followed throughout the thesis, is presented including the sub-steps, such as microbeam 
fabrication, theoretical force calculations. 
2.1.1Description of the proposed strategy  
Herein, we parameterize the geometry of a PDMS microbeam array and present a 
microfabrication and actuation strategy to impose forces in parallel. The future goal of 
the project will be to measure forces on structures such as axons, in order to understand 
the roles of particular cytoskeletal and molecular-motor-driven forces in the growth, 
maintenance and regeneration of nerves. 
The proposed device is a 100 Χ 100 array of circular beams which is made of PDMS.  
PDMS has a relatively small modulus of elasticity, less than 1 MPa, (Carrillo et al., 2006) 
making it favorable for measuring stiffnesses of cell structures, such as axons, which are 
known to be highly mechanically compliant ~10 pN/µm (Kis et al., 2002), red blood cells 
~20 pN/μm (Liu et al., 2006) or chondrocytes which have been shown to have stiffnesses 
of approximately 20 nN/μm (Shieh and Athanasiou, 2006). To achieve the goal of 
measuring deflection optically, the stiffness value of the microbeams should be of the 
same order of magnitude as the specimen in order to be able to observe both deflections 
optically and simultaneously. The future goal of the device is to determine the 
mechanical properties of cellular substructures such as axons by measuring the deflection 
and knowing the stiffness values of the beams both analytically and experimentally. A 
schematic of the proposed strategy is shown in Figure 5.  
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Figure 5. A schematic of the proposed parallel force measurement strategy. Printed 
cells are interrogated from above with an array of microbeams. Relative displacement, 
Δx, is measured between the stationary cells and the actuated microbeam array. The 
green square patches represent printed lysine. The structures tethered between the 
laminin patches and the tips of the microbeams represent the cells under mechanical 
tension. 
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2.1.2 Definition of axon stiffness in the experiments 
Once the device is successfully designed to measure forces in parallel, consonant 
with the theory that axonal outgrowth is stimulated with the microbeam array, our 
method will be used to actively strain the cells from above with a one beam tip-to-one-
cell strategy.  In order to achieve a vertical alignment, the microbeam is mounted on the 
Eppendorf micromanipulator above the cell array and will be lowered slowly until 
contact on a non-printed portion of the culture dishes established. The Eppendorf 
micromanipulator itself is mounted onto the microscope stage, so that the entire 
experiment will be imaged without imposing relative motion between the cell array and 
the microbeam. The buckling contact force is approximately 1-10 nN. Pitch and roll 
alignment were then achieved with precision lead screws until the beam tips and the slide 
surface were coplanar. The array will be then withdrawn when buckling was no longer 
observed. The microbeam array will then be allowed to associate with the neurons by 
manipulation.  
The stiffnesses of our microbeams are defined as those of beams, where the spring 
constant, k, is equal to the lateral component of force, F, divided by the lateral component 
of displacement, xbeam. We correlate this value to the stiffness of the axon and treat it like 
a rod in tension, with a spring constant, k, defined as the force applied, which is equal 
and opposite to the force of the microbeam and to the axial displacement of the axon xcell 
(Figure 6) . The mechanical properties (Young’s modulus, stiffness, etc.) of both the axon 
and the microtubules are determined and the necessary forces for growth are quantified.   
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Figure 6. Diagram showing the force and deflection in determining the 
stiffness of the axon. 
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2.2 Methods 
2.2.1 Theory and Computations 
To determine the stiffness of cells by direct optical measurement, where a beam tip is 
brought into contact with a cell surface, the force on the beam tip is equal and opposite to 
the force on the cell, 
 beamcell FF = , (1) 
where Fbeam is the force on the microbeam and Fcell is the force on the cell. Written in 
terms of deflection, x, and the stiffness, k, 
 ∫∫ =
− beambeam
0
beam
0
cell )()(
xxx
dxxkdxxk . (2) 
In the case of an Euler beam with isotropic mechanical properties loaded with one 
end fixed and the other end free, linear beam theory is accurate up to 5% for a beam tip 
deflection of 30% of the beam length. Above this deflection, nonlinear theory must be 
used (Belendez et al., 2002). In our experiments, the beam aspect ratios were around 3.0 
for our microbeam array and 7.5 for our millimeter scale beam array. Using a 
Timoshenko beam model improves the accuracy by a factor of 6% and 1% respectively 
(Gere and Timoshenko, 1997).  
 
2.2.2 Small deflection theory 
The stiffness value of a single microbeam is derived using the general form of the 
Euler equations (Gere, 2004),  
 ( )xF
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xvdxEI
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d =⎥⎥⎦
⎤
⎢⎢⎣
⎡
2
2
2
2 )()( , (3) 
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which is generally considered accurate to 10% for beam structures with aspect ratios of 
10 or greater. Since the proposed parallel force measurement device has aspect ratios 
between 3 and 10, small deflection theory is only used at deflections that are accurate 
within 5 % of the large deflection theory. A cylindrical beam with a constant modulus of 
elasticity, i.e. no gradient in material properties and a constant moment of inertia, has a 
stiffness of, 
 
3
4
amcircularbe
4
3
L
rE
k B
π= . (4) 
For a conical beam with a base greater than its tip, and a constant taper, the stiffness 
value of a single conical microbeam is derived from the same formula and expressed as 
 3
4
cone 4
3
L
arEk Bπ= , (5) 
where E is the elastic modulus, r B is the base radius, L is the beam length and (0 ≤ a ≤ 1) 
is the tip-diameter to base-diameter ratio. Equation 5 reveals that by keeping the base 
diameter constant and having the beams tapered, more compliant beams are obtained.  
 
2.2.3 Large deflection theory  
Timoshenko’s non-linear model may be used to analyze small aspect ratio beams 
undergoing large deflections. This model includes the shear, axial and bending 
deformations (Aristizabal-Ochoa, 2007). The horizontal and vertical deflections can be 
calculated under vertical and horizontal tip forces. 
In this analysis we assume that the beam is in contact with the substrate and modeled 
as fixed at the base and fixed in vertical direction and free in horizontal direction (Figure 
7).  
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Figure 7. Schematic for large deflection Timoshenko analysis 
 
The Young’s modulus, E, and shear modulus, G, as well as the cross sectional 
properties area, A, and moment of inertia, I, are all known and constant.   
According to the model, the horizontal deflection, Δh, is as follows: 
 θsin
4
1 22 LLPt
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where θ is the angle of the beam with respect to the vertical axis. Pt is the axial load 
along the beam and calculated from: 
 θθ sincos QPPt −−= , (7) 
and Hz is the bowing bending function and found to be: 
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Δh 
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where end moments of tip and the base are found as follows; 
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and the non-dimensional numbers φ  and β are found as below: 
 2//( LEIPt βφ = , (10) 
and, 
 [ ]]/1/1 AGPt+=β . (11) 
 
 
The horizontal force is used as the applied force and the angle, θ, and axial load 
along the beam, P, are first assumed, and β andφ  and Mb are all calculated from the 
expressions above. The solution is then iteratively compared with equilibrium conditions: 
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and the boundary condition for vertical deflection is: 
 
 0
tan
=Δ−=Δ θ
hLv , (13) 
 
If both conditions are true, it implies that the axial force and angle assumed are correct. If 
not, different horizontal force and angle assumptions must be made and the process is 
repeated until the equilibrium conditions in (12-13) are achieved. 
Large deflection was simulated using the commercially available software ANSYS. 
For small deflection theory, the analytical solution and ANSYS give similar results, but 
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are only valid when small deflections are applied. Large deflection theory is valid for 
both large and small deflections. Large static deflection theory assumes a non-linear 
model and, therefore, is valid for the non-dimensional loading parameter, α= FL2/2EI of 
less than 0.25 in Euler beams (Belendez et al., 2002). Contrary to the linear approach of 
the small deflection theory, which is valid for small tip forces, minimal beam curvature, 
and loading perpendicular to the beam axis, large deflection theory produces accurate 
predictions under larger load, which does not remain perpendicular to the beam axis, and 
greater beam curvature. 
 
2.2.4 Experimental setup 
The imaging of the prototype and preliminary studies on alternative methods such as, 
microgrippers will be performed using the scanning electron microscope. The scanning 
electron microscope (SEM) acquires images of the sample surface by scanning it with a 
high-energy beam of electrons in a raster scan pattern. The electrons interact with the 
atoms of the sample at or near its surface, producing signals that contain information 
about the sample's surface topography, composition and other properties, such as its 
electrical conductivity. The types of signals produced by SEM include secondary 
electrons, back scattered electrons (BSE), characteristic x-rays, light specimen current 
and transmitted electrons. Each of these signals requires specialized detectors, and 
usually not all are found present on a single machine. In the most common or standard 
detection mode, which is the secondary electron imaging (SEI), the SEM can produce 
very high-resolution images of a sample surface, revealing details about 1 to 5 nm in size. 
These images are created in such a way, that SEM micrographs display a very large depth 
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of field, yielding a characteristic three-dimensional appearance, which is useful for 
understanding the surface structure of a sample. The scanning electron microscope 
(SEM) does not actually furnish a true image of the specimen, but rather produces an 
electronic map of the specimen that is displayed on a cathode ray tube (CRT) (Figure 8) 
(Goldstein et al., 1981). 
The preliminary studies on measuring forces in parallel were performed inside the 
scanning electron microscope by manipulating the Veeco probes and microgrippers using 
a L -100 nanomanipulator (Figure 9).  
 
 
 
Figure 8. A schematic for scanning electron microscopy. 
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Figure 9. L100 nanomanipulator in scanning electron microscope. 
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2.2.5   Large-scale prototype of the parallel force measurement device 
 A steel master template was fabricated from a 3.75-mm-thick stainless-steel 
master mold using conventional drilling methods on a Haas TM2 CNC mill. A square 
array of sixteen holes was drilled, each through-hole having a diameter of 500 µm and a 
depth of 3.75 mm. PDMS prepolymer (Sylgard 182, Dow Corning), with an average pre-
cured polymer chain length of 300 mers (~90 nm long with a bonding radius of 1.5 Å 
between the Si – O backbone) was prepared by mixing the resin with the curing agent at 
four ratios (5%, 7%, 10% and 20% by weight) in a mixer attached to a hydraulic 
dispenser (Mixpac System 200). It was kept ready in a Petri-dish at room temperature 
prior to being poured into the injection vessel (Figure 10a). The steel mold was inserted 
inside the injection vessel; PDMS was poured in, the cap screwed onto the end of the 
vessel and a vacuum applied to pull the PDMS through the mold. Immediately after 
pouring the PDMS prepolymer into the injection vessel, it was degassed under vacuum at 
25 inches of Hg (85 kPa) for approximately 30 minutes to eliminate bubbles. After 
inserting the steel mold into the vessel, a theoretically calculated pressure difference of 
40 kPa was applied to the vacuum tube to induce PDMS flow into the mold. The required 
pressure difference, Δp, for a through-hole was calculated using the Young-Laplace 
equation (Pellicer et al., 2000), 
 
r
p θσ cos2=Δ ,  (14)  
whereσ  is the surface tension, θ is the contact angle measured in liquid and r is the 
radius of the fluid surface. If θ is greater than 90º, the liquid is non-wetting with the solid 
surface, rendering Δp negative. In this case, the fluid must be pumped into the hole. 
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However, if θ is less than 90º, Δp is positive and no pressure is required to drive the 
wetting fluid into the opening. The contact angle must be determined experimentally. In 
the course of our experiments, we have observed that the contact angle is greater than 
90º, implying that pressure should be required to drive the fluid into the hole. However, 
in our experiments no capillary flow into the holes was observed, at least over the 
timescale of minutes, presumably due to high viscosity of the uncured polymer.  
 Afterwards, the mold was put into an oven for curing at 80° C for 120 minutes. It 
was then peeled from the mold after freezing at -80º C for 1 hour. This is necessary due 
to the surface interactions between the PDMS and the rough steel surface. PDMS has a 
coefficient of thermal expansion thirty times less than that of steel, and thus pulls away 
from the inner steel surface during freezing. 
 The beam array was placed horizontally and lowered onto an Accu-224 precision 
analytical balance (Fisher Scientific) with a sensitivity of 0.1 mg (1 μN), so that only the 
tip of the beams touched the balance (Figure 10b). Balance deflection was measured to be 
negligible (12 μm deflection under a 300 mN load, or <0.1% of our calibration loads), so 
tip deflection was taken to be that of the micrometer reading. The micrometer used was a 
M3301 three-axis micropositioner with a precision of 10 μm (World Precision 
Instruments, Sarasota, Florida). Tip force was read directly from the balance.  
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Figure 10. (a) The injection vessel designed for fabricating the large beam array with 
through-holes. (b) The micromanipulator and balance configuration used to measure 
beam stiffness for the larger beams. Force was recorded from the balance and deflection 
recorded from the manipulator. α depicts the angle formed between the beam tip axis and 
the beam base axis. 
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2.2.6 Measuring the elastic modulus of PDMS with the prototype 
 
The beam array was placed horizontally and lowered onto an Accu-224 precision 
analytical balance (Fisher Scientific) with a sensitivity of 0.1 mg (1 μN), so that only the 
tip of the beams touched the balance (Figure 6b). Balance deflection was measured to be 
negligible (12 μm deflection under a 300 mN load, or <0.1% of our calibration loads), so 
tip deflection was taken to be that of the micrometer reading. The micrometer used was a 
M3301 three-axis micropositioner with a precision of 10 μm (World Precision 
Instruments, Sarasota, Florida). Tip force was read directly from the balance. 
Stiffness curves for the millimeter-scale beam array were measured by simultaneous 
recording of the micropositioner travel and the force on the scientific balance with the 
PDMS cantilever beam tip under load. Since the balance can only record the force 
perpendicular to the beam axis, and the final angle under full load was approximately 30 
degrees, a factor of 1/cosθ was used to scale the modulus values resulting from the 
stiffness curves. Force readings were taken at deflections of 100 μm, 200 μm, 300 μm, 
400 μm, and 500 μm and fitted the results to F = kx, using linear regression finding, k, 
for each beam. This procedure was repeated three times on each of three different beams 
within the sixteen-beam arrays at each curing agent percentage (Figure 10). The elastic 
modulus was determined by using the analytically derived deflection formula for circular 
cross-sectional beams for the four curing-agent to base-agent ratios. 
 
    
36
2.3 Results 
2.3.1 Initial studies on force measurement systems 
Microgrippers were used in the preliminary experiments to determine the heat 
generated at the tips. In this series of micrographs, a Zyvex BB-30 single-crystal-silicon 
microgripper is used to grasp a single polymer microcone. The top three images show the 
gripper approaching the microbeams and the bottom three images show the actual 
grasping of a microbeam with the Zyvex microgripper.  In this set of experiments, 
polymer material was kindly provided by Prof. Mark Prausnitz (Park et al., 2005) (Figure 
11). 
A Veeco tungsten nanoprobe was also used to bend the microbeams by manipulating 
the probe with a L100 nanomanipulator (Figure 12). It is inserted into the scanning 
electron microscope and is the only one of its kind to have continuous rotation on its two 
4DOF positioners (Figure 9). 
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Figure 11. Series of images where a Zyvex BB-30 single-crystal-silicon microgripper is 
used to grasp a single polymer microbeam. 
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Figure 12. In this series of micrographs, a Veeco tungsten nanoprobe is used to bend the 
microcones. 
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2.3.2 Theoretical comparison of tapered beams with straight walled beams  
The tapered PDMS beam array is more compliant as compared to the straight walled 
beam with the same base diameter (Figure 13). Fabricating tapered beams, therefore, 
results in beams with the stiffness of the same order as that of the nerve cells. Beam 
stiffness decreases with an increase in the length of the beam, as well as a decrease in the 
tip radius vs. base radius ratio, provided that the base radius is kept constant.  
The results show that once a beam base diameter of 10 μm and a length of 100 – 250 
μm are achieved, the beam stiffness on the order of pN/μm can be obtained. Decreasing 
the taper ratio, in other words, keeping the base diameter constant and decreasing the tip 
diameter, results in relatively smaller stiffnesses compared to the non-tapered of less 
tapered beams.  
2.3.2 Elastic modulus of PDMS using the prototype 
The large scale prototype was fabricated to obtain the elastic modulus of PDMS. The 
SEM image of 4 Χ 4 straight walled beam array had a diameter of 500 μm and a length of 
3.75 mm (Figure 14a). The force displacement curve was drawn using 4 different curing 
ratio, specifically 5 %, 7 %, 10 %, and 20 %. A linear curve was fit on each different 
curing agent ratio. The slopes of the curves were drawn and the average elastic modulus 
at each ratio was determined. The elastic modulus of PDMS for the four different curing 
agent concentrations (5%, 7.5%, 10%, and 20% by weight) resulted in moduli of 346 ± 
22, 473 ± 37, 589 ± 23, and 704 ± 29 kPa and the square of confidence levels were found 
to be 0.9667, 0.9624, 0.9851, and 0.9818 (Figure 14b). The elastic modulus between 5%, 
7% and 10% was significantly different (p<0.05) but further increase does not cause any 
significant change (p>0.5). 
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Figure 13. Beam stiffness, k, as a function of beam length, L, with a beam base diameter 
of 10 μm and taper ratios, a, ranging from 0.1 to 1.0.  Inset depicts the highlighted 
region. The curves represent a relationship of 1/L3. The modulus, E, used here was 1 
MPa, a value within the range of our experimental results. 
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Figure 14. a) SEM image of a fabricated macroscale prototype of 4 x 4 array, 
Scale bar = 4 mm b) Force-displacement curves from the large PDMS array used to 
determine beam stiffness, k, as a function of curing agent percentage. Each symbol 
represents the average force from a single beam. n = 9 for each linear regression line. 
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2.4 Discussion 
The primary motivation for the research presented in this chapter was to demonstrate 
a method for design and fabrication of a highly compliant microbeam array for measuring 
cell stiffnesses in a highly parallel manner.  
The microgrippers were used in order to determine the feasibility of using them in 
parallel in determining the mechanical properties of the axons. The high temperatures at 
the tip of the microgripper made it impossible to manipulate live cells. The background 
study also shows that the stiffness of them is greater than the axons by an order of 6 
which makes it diffucult to observe the deflection of the axon and the device 
simultaneously under the optical microscope. 
The Veeco probes were used to bend the silicone microcones using a 
nanomanipulator inside the scanning electron microscope. The set of experiments has 
been the basics of the calibration experiments which will be performed using a 
micromanipulator under the optical microscope. 
The theoretical beam stiffness calculations show that the beam stiffness is related to 
the diameter by the fourth power and related to the length inversely by third power. The 
taper ratio is linearly proportional to the beam stiffness. If the base diameter is decreased 
by a factor of ten, it is possible to decrease the stiffness on order of four, and if the length 
is increased by a factor of ten, the stiffness will diminish on the order of three. 
The beam stiffnesses were found to increase with the increasing volume fraction of 
the curing agent. Curing agent percentages up to 10% affected stiffness up to 70 % 
compared to 5 %, while addition of more curing agent brought about only a slight 
increase in the stiffness. Since the cross linking occurs between the base agent and curing 
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agent, the addition of excessive curing agent after completed cross linking does not 
change the mechanical properties.  If less than 7% of the curing agent is added, a full 
solidification of PDMS is prevented. Therefore, the optimum value for obtaining the 
lowest stiffness in our case, while maintaining a solid beam, is between 7-10%.   
However, the large scale prototype was not feasible to use in cell experiments since the 
stiffness value of them were much bigger than the neurons.  
In this context, first the strategy of the project was explained. This strategy includes 
the fabrication of a compliant microbeam array, calibration of the microbeams using 
AFM cantilevers, using microbeams in protein printing for a better cell attachment, 
printing forebrain cells on the printed protein spots, and a unidirectional stretching of the 
axons. The need for a compliant material, such as PDMS beam array, for measuring cell 
stiffness will be detailed in Chapter 3. Moreover, PDMS has other advantages, such as its 
biocompatibility, its usage over wide range of temperatures, and its transparency, which 
allow the observation of the cells and the beams simultaneously under the optical 
microscope during cell attachment and stretching. The beam theories used in force 
measurement of the microbeams, Euler beam theory and Timoshenko beam theory, were 
presented in detail. The feasibility of using a tapered beam array versus a straight-walled 
microbeam array was also evaluated. For best microcontact printing results, a short 
PDMS beam array is preferred to the one with a high-aspect ratio (See chapter 5).  
In the following chapters, the application of the methods mentioned in this chapter to 
the actual systems will be elaborated. The procedure in fabrication of a microbeam array, 
as well as its calibration will be explained in the next chapter. Some results of the present 
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chapter, such as the elastic modulus of PDMS and the small and large deflection theories 
of microbeams, will be discussed within the results of Chapter 3. 
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CHAPTER III:  MICROFABICATION OF A HIGH-ASPECT-RATIO TAPERED 
MICROBEAM ARRAY FOR PARALLEL NANOSCALE FORCE 
MEASUREMENT 
In this chapter, a microfabrication method of an array of polymeric 
polydimethylsiloxane (PDMS) microbeams with diameters of 10-40 μm and lengths of 
100 - 150 μm is presented. The array was fabricated from Sylgard® 184 from Dow 
Corning with curing agent concentrations ranging from 5% to 20%. Additionally, the 
microbeam array was calibrated using a tipless AFM cantilever standard with a spring 
constant of 215 nN/μm Resulting spring constants were found to be 100-300 nN/μm. A 
finite element analysis using ANSYS to validate the experimental results is also 
presented. Two approaches were used in the ANSYS simulations: small static deflection 
theory and large deflection theory. 
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3.1 Introduction 
The primary objective of this chapter is to demonstrate a method for fabrication of a 
highly compliant microbeam array for measuring cell stiffnesses in a highly parallel 
manner. The same pattern with short-aspect-ratio, microbeams may also be used to print 
an array of proteins, e.g. laminin, lysine, on various surfaces for applications, such as cell 
printing. By measuring the deflection and knowing the stiffness values of the beams both 
analytically and experimentally, the mechanical properties of cellular substructures, such 
as other soft materials may be determined.  
 
3.1.1 Feasibility of photolithography in obtaining high aspect ratio structures  
Microfabrication term is used to describe processes of fabrication of miniature 
structures, of micrometre sizes and smaller. The earliest microfabrication device was 
used for semiconductor devices in integrated circuit fabrication and these processes have 
been covered by the term "semiconductor device fabrication. Practical advances in 
microelectromechanical systems (MEMS) and other nanotechnology, where the 
technologies from IC fabrication are used, adapted or extended have led to the extension 
of the scope and techniques of microfabrication (Geschke, 2004).  
Lithography is the main miniaturization technique that is used to transfer the copies 
of a master pattern to other substrates. Photolithography is the most widely used form of 
lithography (Mei, 1990). 
In the present work, we demonstrate our ability to manufacture high-aspect-ratio 
PDMS silicone (polymeric) microbeams with dimensions on the order of millimeters 
capable of measuring tens of micronewtons, and a microfabricated array with a stiffness 
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of hundreds of nanonewtons per micrometer. Other high-aspect-ratio (1:15), untapered 
PDMS structures exist, but are made with the relatively costly (Madou et al., 2002) LIGA 
(Lithographie, Galvanoformung, Abformung)  process (Kim et al. 2002). Madou et al., 
2002 reviewed the approaches developed in their laboratory for polymer-based 
micro/nanofabrication. UV-LIGA technology was applied for low-cost mass production 
for fabrication of microscale features. For fabrication of sub-micron features, a novel 
nano-manufacturing protocol is being developed in their laboratory. The protocol applies 
a novel nano-lithography imprinting process on an ultraprecision motion-control station. 
Kim et al., 2004 introduced a novel fabrication process for a tapered hollow metallic 
microneedle array using backside exposure of SU-8, and analytic solutions of critical 
buckling of a tapered hollow microneedle was also presented. Two different microneedle 
with 200 μm and 400 μm were fabricated with a taper angle less than 5°. High-aspect 
ratio PDMS structures have also been micromachined to perform small-scale cell culture, 
e.g. (Hung et al. 2005). 
 
3.1.2 Atomic force microscopy 
Atomic force microscopy is an imaging technique where a sharp probe is scanned 
across a surface and some tip/sample interactions are monitored. It is used at different 
modes such as contact mode, tapping mode. Laser light from a solid state diode is 
reflected off the back of the cantilever and collected by a position sensitive detector 
(PSD) which consists of two closely spaced photodiodes. The output is then collected by 
a differential amplifier. Angular displacement of the cantilever results in one of the 
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photodiode collecting more light than the other. The resulting output signal is 
proportional to the deflection of the cantilever (Figure 15). 
 
 
 
 
Figure 15. Schematic of operation of atomic force microscopy. 
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3.2 Methods 
3.2.1 Microfabrication of the beam array 
Photolithography was used to fabricate a 100 x 100 microbeam array mold in 
preparation for PDMS replica molding. A darkfield chrome photomask, designed in our 
lab and fabricated by J.D. Photo Tools (Oldham, Lancs, UK) was printed onto a soda 
lime glass with a thickness of 1.5 mm at spot sizes of 10 μm, 20 μm, and 40 μm (Figure 
16).  
A layer of negative photoresist SU-8 2035 was spin-coated onto 3.175-mm-thick 
borosilicate at 500 rpm, 100 rpm/s for 10 seconds and at 750 rpm, 300 rpm/s for 30 
seconds with a Brewer Science CEE100 spin coater, resulting in a thickness of 
approximately 200 μm. It was then soft baked at 65° C for 5 minutes, ramped to 95° C 
for 20 minutes and slowly cooled to room temperature. The assembly was then exposed 
to UV light (365 nm) for 15 seconds under the mask at an intensity of 25 mJ/sec·cm2. 
Post baking was performed to selectively cross-link the portions exposed to UV-light. 
The SU-8 was developed with PGMEA (Propylene Glycol Methyl Ether Acetate) 
solution to obtain the desired micromold. The molds were manually agitated 1 minute 
followed by 1 minute ultrasonic sonacation in the developer solution for 5- 10 minutes. 
The PDMS mixture was prepared at a ratio of 10:1 and poured onto the SU-8 mold. For 
the non-through holes, as used in our microfabrication process, air from the bottom of the 
holes must be removed if the microbeams are to become fully formed. This requires the 
movement of a 1-10 μm diameter air bubble from the bottom of a hole, typically by a 
vacuum source. As the dimensions of the device are reduced, this becomes increasingly 
difficult as evidenced by the pitting present on the PDMS microbeams presented by 
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Schmitz et al. (2005). Therefore, the PDMS solution was degassed for approximately two 
hours to eliminate bubbles and cured at 80° C for approximately two hours. Finally, it 
was peeled from the mold to obtain the desired geometry (Figure 17). 
 
 
Figure 16. Optical microscope image of darkfield photomask.  
The diameter of the spots are a) 10μm b) 20 μm c) 40 μm. 
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Figure 17. Schematic of the microfabrication process. (a) UV light is exposed onto a thin 
layer of SU8 that has been deposited on a silicon substrate to produce the pattern. The 
light is passed through a glass pattern that has an opaque black plastic printed on it. (b) 
The unexposed portions are etched away to reveal a three-dimensional negative of our 
array. (c) PDMS is poured over the pattern and subjected to vacuum so that it fills all 
available space and air is allowed to escape. (d) The PDMS is peeled away from the 
mold, furnishing in the final array. 
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3.2.2 Mechanical characterization of the microbeam array 
 Twenty-five beams from one of the 40-μm-diameter, 120-μm-long PDMS 
microbeam arrays were calibrated under light microscopy with a 20x objective (200x 
total magnification) with an Olympus IX81 inverted microscope (Figure 18). The 
microbeam array was mounted on the edge of a standard 1” x 3” glass slide with the 
beams oriented horizontally (Figure 19). A pre-calibrated cantilever with a stiffness of 
215 nN/μm (Veeco Probes, Santa Barbara, CA) was mounted at the end of an Eppendorf 
NK-2 micromanipulator and brought into contact with a single beam within the 
microbeam array. The micromanipulator was then moved a total of 40 μm in steps of 
5μm. From the images captured with a SPOT-RT camera (Figure 20), deflections of both 
the cantilever tip and the microbeam tip were measure according to: 
microbeam
cantilevercantilever
cantileverbeam
mk
kk δ
δμ )40( −=  
Since the experimental loading conditions were such that the force on the tip of the 
PDMS microbeam did not remain perpendicular to its axis, a cosine factor commensurate 
with the angle observed was used to find the angle-adjusted result. 
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Figure 18. Olympus IX81 inverted microscope. 
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Figure 19. Glass slide with the beams oriented horizontally and attached to the pre-
calibrated cantilever. 
 
 
 
 
 
 
 
 
 
 
 
 
PDMS beam 
array 
Eppendorf NK-2 
manipulator 
stage 
glass 
slide 
microscope 
Pre-calibrated 
cantilever 
 
 
   
55
 
 
Figure 20. Mechanical characterization of one PDMS microbeam (right) with a 
precalibrated silicon Veeco Probes cantilever (left). (a) Initial contact is made. (b) At a 
PDMS beam tip displacement of 20μm shown here, the silicon cantilever displacement is 
approximately 15 μm. 
 
 
3.2.3 Microbeam height consistency determination 
In order to achieve full contact with the cells during stretching, the microbeams have 
to be of the same length. The out-of-plane misalignment of the microbeams may reduce 
the probability of attachment of some of the microbeams to the cells. For this purpose, 
the length of the microbeams was determined using the Zygo 6000 optical profilometer. 
It is an instrument used to measure a surface’s profile for the purpose of quantifying its 
roughness. 
 
3.2.4 Finite element analysis of microbeams 
 In order to evaluate the deviation from the exact solution inherent in the general 
form of the Euler equations, beam stiffness was also modeled using finite element 
analysis. Finite element analysis was performed with ANSYS using 3D solid tetrahedral 
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10-node elements. The PDMS microbeams were considered isotropic with an elastic 
modulus of 1 MPa and Poisson’s ratio of 0.45. We used this modulus since it was what 
we found from characterization of the microbeams (Sec 3.1.2). Although some anisotropy 
may have been induced by our microfabrication methods (see discussion section), we 
used only one loading mode to characterize our beams, and thus used isotropy as an 
approximation. 
Two approaches were used in the ANSYS simulations: small static deflection theory 
and large deflection theory. For both of these approaches, two different boundary 
conditions were used: one with the beam tip free in two directions, and the other with the 
beam tip constrained along the beam axis (Figure 21). The former boundary condition 
more accurately represents our proposed experimental conditions, where axons will be 
attached to the tips of the beams. The second boundary condition was used to simulate 
axial forces that may be present in the beams due to tensile forces caused by adhesion to 
the sample or substrate. Therefore, large deflection theory allows for the tip force to 
deviate from being perpendicular to the beam axis. The closed-form solution was 
obtained using the stiffness formulation of the Euler-beam equation (sec 2.2.2) and the 
known tip force. 
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(a) (b)
F F
 
Figure 21. Boundary conditions for FEA. In both cases, displacement was fixed at the 
beam bases (top of the figure). (a) free tips (b) tips with the vertical degree of freedom 
fixed. 
 
 
3.3 Results 
3.3.1 Microfabrication results 
By varying SU-8 film thickness, UV exposure energy, developing time and agitation 
rate during developing, we were able to manufacture tapered microbeams (Figure 22) in 
addition to the non-tapered microbeams depicted in Figure 23. The UV-exposure time 
was 6-13 seconds, developing time was 3 – 10 minutes. Both manual and sonacation 
agitation methods were used. By decreasing the developing time up to 3 minutes, tapered 
holes may be achieved. The beam length consistency was measured with a Zygo optical 
profilometer (Model #NV6200) and found to be 118.4 ± 0.2 μm. The tapered beams are 
theoretically less stiff than the corresponding straight-walled beams (Chapter 2). Tapered 
beams also enable smaller protein base locations for cell attachment during the micro-
printing process. 
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Figure 22. Optical microscope image of a tapered microbeam array. The base diameter 
is about 10 μm and length is 100 μm. 
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(a) 
 
Figure 23. Optical micrograph of a portion of the microfabricated straight walled 
PDMS 100 x 100 microbeam arrays. The base diameters of the beams are approximately 
40 μm and lengths are 150 μm. 
 
 
3.3.2 Calibration of microbeams 
Presented in Figure 24 are the results of calibrating a microbeam array with a 
beam diameter of 40 um as compared to that with a 500 um diameter. The elastic 
modulus of PDMS for the four different curing agent concentrations (5%, 7.5%, 10%, 
and 20% by weight) resulted in moduli of 346 ± 22, 473 ± 37, 589 ± 23, and 704 ± 29 
kPa for the large scale prototype and found to be approximately 1020 ± 60 kPa for the 
microbeams (Figure 24).  
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3.3.3 FEA results 
Microbeams were modeled as either fixed at the base and free at the tip, or fixed at 
the base and fixed against axial displacement at the tip. For deflections smaller than 3 
μm, linear and nonlinear results give results with approximately 1% error. For the fixed-
fixed boundary conditions, a closed-form solution may not be obtained by linear methods 
and thus only the numerical results are shown. Loads up to 5000 nN in increments of 
1000 nN were applied for fixed- free case using nonlinear theory. The obtained deflection 
values were between 1 - 22 μm. The linear solution is a straight line and coincides with 
the closed-form solutions. The angle adjusted raw data also coincides with the theoretical 
results. The non-linear solution shows the effect produced by a finite angle at the beam 
tip. In the fixed-fixed solution, the additional apparent stiffness is a result of the axial 
tensile force at the beam tip being amplified in the transverse direction (Figure 25). 
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Figure 24. A comparison of the elastic moduli measured from the millimeter scale array 
compared to that measured in the micrometer scale array. 
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Figure 25. FEA results using the beam geometry of the microbeam device. The linear 
solution is a straight line and coincides with the closed-form solutions. The non-linear 
solution shows the effect produced by a finite angle at the beam tip. In the fixed-fixed 
solution, the additional apparent stiffness is a result of the axial tensile force at the beam 
tip being amplified in the transverse direction. 
 
 
3.3.4 Height consistency for beam alignment and beam-beam interactions 
We have performed finite element analysis on a four-beam array with the following 
BCs. The model was rerun wherein only one beam receives a force or displacement. Then 
the displacements of the other beams were quantified to determine if our “St. Venant’s 
Principle” assumption is valid: i.e. that the stresses carried by one beam are significantly 
diminished in a load-free beam (Figure 26a). When the middle beam was loaded with a 
tip force of 10 μN where all the surrounding unloaded beams were placed on a 10 mm 
x10 mm base substrate with a thickness of 3 mm, the deflections of the closest 
neighboring beams were 12 orders of magnitude less than the deflected beam. The 
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assumption that all the beams can be considered independently was confirmed by 
deflecting one of the beams and observing no deflection at the surrounding beams (Figure 
26b).  
Vertical resolution is usually in the nanometre level, though lateral resolution is 
usually poorer. The lengths of the microbeams are 118.4 ± 0.2 μm. The maximum and 
minimum beam heights were 118.9 and 118.0 μm (n = 64) (Figure 27). 
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Figure 26. a)The middle beam was loaded with a tip force of 10 μN where all 
the surrounding unloaded beams were placed on a 10 mm x10 mm base 
substrate with a thickness of 3 mm. The deflections of the closest neighboring 
beams were 12 orders of magnitude less than the deflected beam. b) one of the 
beams deflected 20 beams and surrounding beams were not affected. 
 
 
(b) 
(a) 
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Figure 27. The surface profile of the microbeams determined by  using an optical 
profilometer. 
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3.4 Discussion 
The low modulus of elasticity, biocompatibility and transparency of PDMS make it 
an ideal candidate for force measurement in highly compliant cells such as axons. We 
have tuned the modulus of elasticity of PDMS with a curing agent and found an optimum 
value for having a solid PDMS beam with the smallest modulus of elasticity is between 
7% and 10%. To examine the effect of miniaturization, mechanical testing was performed 
to obtain the elastic modulus of the smaller beams. The elastic modulus of the small 
beams were found to be greater (~1.1 MPa) than that of the large beams (~600 kPa). The 
resulting stiffnesses are still in the order of 200 nN/μm, or four orders larger than our 
target value. In other words, our goal is to achieve beams with stiffnesses on the order of 
10 pN/mm, or approximately that of the axons under investigation. However, since 
stiffness, k, scales by the fourth power of beam thickness, once we achieve 4 μm diameter 
beam dimensions (ten times smaller), our stiffness will diminish by a factor of ten-
thousand, putting us in the exact range we are targeting. This requires successfully 
obtaining the SU-8 mold with 4 μm holes. Since the diameter of the holes in the mold are 
limited to the maximum resolution of the microfabrication facilities and size of the spots 
on the mask; it was not practical to obtain high aspect ratio molds but we expect this to be 
achievable with more precise photolithography masks and microfabrication facilities.  
We have achieved an aspect ratio of ten by photolithography followed by PDMS 
replica molding. We found that photolithography developing time greatly affected the 
hole depth and the sidewall straightness. Overexposure and diminished developing times 
resulted in beam arrays with tapered sidewalls. Another way to obtain conical sidewalls is 
overexposure of the top portion of the resist film, resulting in tapered sidewall profiles.  
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However, it is difficult to control the angle by changing the exposure time. The deviation 
of the length of the beams are less than 0.5 μm which is less than the thickness of the 
neurons, that is 1-4 μm (McNally et al., 2005) . 
The elastic moduli of microbeams were found to be approximately twice of the large 
scale prototype. The elastic modulus of the beams in large scale prototype was 
determined using a scientific balance and a manually controlled micromanipulator. On 
the other hand, the elastic moduli of the microbeams were determined using a previously 
calibrated AFM cantilever and a precise joystick controlled micromanipulator. The 
resulting elastic moduli were partly different because of using different techniques. The 
second method which is used to calculate the mechanical properties of microbeams is 
more reliable compared to the manual method since the readings were more accurate than 
the first method.  
There may be some reasons why the elastic moduli of microbeams are different from 
each other. The experiments were performed using different PDMS base and curing agent 
bottles, therefore, the chemical properties of different solutions may differ, which will 
result in alterations in the mechanical properties of the beams. Another reason may be the 
reuse of the master mold. The master is used several times for replica molding until an 
observable defect occurs on the master or the replica. Therefore, it is very likely to have 
different surface properties of PDMS during curing process. The differences on each 
beam can be considered because of the differences of the force where they are applied in 
the experimentation since all the calculations were based on the tip force assumption. 
Even slight differences at the contact point may result in differences in the elastic moduli. 
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If the dimensions of the microbeams are diminished, it is expected that the elastic 
moduli of the beams may vary. As aspect ratios grow and overall diameters shrink, we 
expect to find an enhanced trend in the scale-dependence of stiffness. This stiffening 
scale effect has been seen previously in silver nanowires (Jing et al. 2006) and was 
attributed to surface effects. Since the Si–O backbone of our system is clearly different 
from the presumably crystalline structure of the silver nanowires of the Jing’s paper, the 
physics are clearly different. However, since we clearly observed that stiffness decreases 
in the millimeter-scale beams as the curing agent percentage diminishes, we are able to 
conclude that the degree of crosslinking affects stiffness. One other possible explanation 
for the subtly increased stiffness is that the holes, into which the microbeams were cast, 
preferentially exclude polymer chains and enhance crosslinking agent concentration, thus 
enhancing stiffness. This could have the effect of lengthening the post-curing polymer 
chains.  
Individual polymer chains tend to align with the primary flow direction during 
fabrication e.g. (Huang et al. 2001; McFarland and Colton 2004). Polymer chain 
alignment is shear rate dependent (Cormier and Callaghan 2002), and can induce 
crystallization (Somania et al. 2005). Polymer chain orientation in surface-treated PDMS 
has been induced previously by mechanical stretching experiments and shown to affect 
hydrophobicity (Genzer and Efimenko 2000). Polymer chain orientation has also been 
induced mechanically in PDMS to modify optical properties (Tanigaki et al. 1998). 
Longer chained PDMS molecules have been shown to display diminished surface friction 
properties (Galliano et al. 2003), thus these would not necessarily be impeded from 
entering the microfabricated holes in our system. It may be useful in future studies to 
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incorporate X-ray diffraction studies to quantify the polymer chain alignment and to 
examine how the theoretical radius of gyration (Lapp et al. 1985) in a bulk melt differs 
from that of a micromanufactured system. We expect that as we attempt to create higher 
aspect ratio structures, this anisotropy will be enhanced. 
Another important consideration for using these structures in fluid is that in the non- 
fully crosslinked state, they may tend to absorb water, thus altering the mechanical 
properties and perhaps causing unwanted deformation due to inhomogeneities. An 
experiment using a force measurement device such as ours would require either constant 
or periodic calibration if it were to be used for hours or days. While calibration of 
individual microbeams against a known standard would not be practical during a cell 
mechanics experiment, running a calibration on a few beams against a standard during an 
experiment would be necessary to track hydration effects. 
An increase in elastic modulus at small scales has been seen previously for 
hydrogels, e.g. using AFM indentation (Harmon et al., 2003) and in silicon (Sundararajan 
et al., 2002). In Harmon’s paper, AFM was performed on spin-coated thin films, and 
loaded in out-of-plane direction. The Sundarajan work used a three-point bending method 
and attributed their variations to inconsistencies in crystal lattice orientation, and perhaps 
fewer defects in their single-crystal preparations. Anisotropy has also been found in other 
spin-coated PDMS preparations where the polymer chains align with the flow direction 
(Elzein et al., 2004). Others who performed AFM indentation on the surface of polymeric 
materials concluded that the small-scale material properties are consistent with the bulk 
properties to a scale of 40 nm (Tranchida et al., 2006). However, the materials used by 
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Tranchida et al. were not prepared with the extrusion/injection method of the current 
work, and thus are likely to be more amorphous. 
The finite element analysis and experimental analysis show that the microbeams can 
be considered independently since the beam under deflection does not affect the 
surrounding beams. Additionally, the reason that the experimental results of force 
deflection curve is concave down, is perhaps due to the fact that as the PDMS beam 
deflects, approaching its own substrate, the bending force of the silicon cantilever 
required to maintain this bending force actually decreases. In this limit, the force on the 
calibration cantilever becomes a purely axial force, which would hold the PDMS 
microbeam pinned against its own substrate. In this scenario, the bending of the silicon 
cantilever could potentially be zero, whereas the bending angle of the PDMS microbeam 
would be 90°, yielding a result of infinite compliance, or zero stiffness. Thus the 
downward concavity seen in the experimental curve of could continue until it ultimately 
hit the abscissa. 
Next chapter will be introducing a code that was developed using Matlab to obtain 
the displacements and the forces of the beams while measuring forces and stiffnesses of 
different structures. 
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CHAPTER IV:  AUTOMATED PARALLEL FORCE MEASUREMENT WITH A 
POLYMERIC MICROBEAM ARRAY USING AN OPTICAL MICROSCOPE 
AND MANIPULATOR  
An image analysis method and its validation are presented for tracking the 
displacements of parallel mechanical force sensors. Force is measured using a 
combination of beam theory, optical microscopy, and image analysis. The primary 
instrument is a calibrated polymeric microbeam array mounted on a micromanipulator 
with the intended purpose of measuring traction forces on cell cultures or cell arrays. One 
application is the testing of hypotheses involving cellular mechanotransduction 
mechanisms. An Otsu-based image analysis code calculates displacement and force on 
cellular or other soft structures by using edge detection and image subtraction on digitally 
captured optical microscopy images. Forces as small as 250 ± 50 nN and as great as 25 ± 
2.5 μN may be applied and measured upon as few as one or as many as hundreds of 
structures in parallel. A validation of the method is provided by comparing results from a 
rigid glass surface and a compliant polymeric surface. 
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4.1 Introduction 
As the fundamental importance of understanding cellular mechanics has increased 
and experimental methods for interrogating mechanical properties of cells have 
advanced, many techniques have been developed for force measurement on the cellular 
level. For review, see (Van Vliet, et al. 2003) One popular emerging method has been the 
use of polydimethylsiloxane (PDMS) microstructures as force sensors to optically 
determine cell traction forces from measurements of beam deflections (Tan et al., 2003; 
du Roure et al., 2005; Zhao et al., 2005; B. Li et al., 2007) Traditional approaches have 
been limited to only probing one cell at a time or tediously performing a large number of 
serial measurements, e.g. (Fass and Odde, 2003). Object detection algorithms such as 
basic segmentation by thresholding or advanced classification techniques (Horn, 1986) 
are particularly well suited to this application as they can recognize and track a large 
number of objects at once. The advantage of parallel individual manipulation has the 
promise of higher throughput of data, and, therefore, a more accurate representation of 
the mechanical properties of a variety of cell phenotypes. 
 The segmentation of the microbeams from the collected images is a required pre-step 
to calculate the distance of deflection of microbeams. Object detection algorithms such as 
basic segmentation by thresholding or advanced classification techniques are suitable for 
this application. There is a wide range of object detection/recognition techniques (Jain et 
al., 2000). In our case, we made use of basic segmentation algorithms for object 
detection. Image segmentation has a major role in various tasks of pattern recognition, 
computer vision, and image and video retrieval (Liju et al., 2004). There are many 
approaches proposed in the literature for image segmentation (Pal et al., 1993; Zhang et 
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al., 1996). Among all complicated methods, image thresholding is the classical technique 
that is used extensively in many applications for image segmentation (Sankur and Sezgin, 
2004). Image thresholding techniques are preferred due to their simplicity and good 
efficiency. Image segmentation is mainly partitioning a grey-level image into segments 
corresponding to different classes; and image thresholding mostly includes two-class 
binarization (Pal and Pal, 1993). Main goal of image thresholding is to automatically find 
one or more thresholds from the histogram of the image in order to partition the image 
into two or more regions each with similar gray levels (Liju et al., 2004).  There are a 
number of different algorithms proposed in the literature for image segmentation by 
thresholding. One of the most popular approaches is Otsu’s method (Otsu, 1979) and 
ranked as the best and fastest global thresholding technique (Trier and Jain, 1995).  
 
4.2 Methods 
We have developed an Otsu based image analysis method that uses a calibrated 
PDMS microbeam array to measure displacements and calculate forces of multiple 
objects simultaneously (Sasoglu et al., 2007). This method provides great advantages in 
experiments, in which tensile forces are applied to arrayed cells or other arrayed 
biological preparations. Performing experiments in parallel has the promise to greatly 
improve experimental throughput since there is a growing tendency in the biosciences to 
perform a large number of arrayed experiments, so that meaningful statistics may be 
generated quickly and accurately. Indeed, rapid acquisition of large amounts of data 
needed to establish biological trends and performing experiments in parallel will greatly 
improve experimental throughput and overall accuracy.  
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Accurate solutions of complex geometries may also be achieved using numerical 
non-linear finite element methods once these have been verified against the simple 
geometries found in cylindrical beams (ANSYS 2007; Sasoglu et al., 2007). In practical 
applications, the comparison of both the closed form and the analytical form to the 
experimental data is required before a model is considered complete. This is generally 
referred to as validation (analytical versus numerical) and verification (numerical versus 
experimental). In our implementation, to validate our numerical model against our 
experimental results, the deflection value of each beam within the PDMS array is 
determined using a MATLAB routine after modeling has been performed using an 
ANSYS-based finite element approach, which uses non-linear beam theory to calculate 
the force values on each beam as a function of measured tip deflection. Of primary 
importance is the physical state of the interactions of the tips with the substrate or cells 
under investigation. Specifically, if the beams, which are suspended above the 
experimental working surface, are just touching the substrate surface, “free end” 
boundary conditions may be used. Strong adhesion forces between the beam tip and 
substrate must be modeled with the beams fixed axially. As these two boundary 
conditions are idealizations and the physical state is likely to reside somewhere in 
between, the two extremes of no axial interaction versus strong adhesion, (Sasoglu et al., 
2007), may be modeled with an additional term. 
 
 
 
 
 
 
   
74
4.2.1 Experimental set up 
 An array of 40 μm diameter and 120 μm long PDMS microbeams was fabricated 
by photolithography followed by replica molding (Sasoglu et al., 2007). The microbeams 
were then attached to an Eppendorf NK-2 (Hamburg, Germany) micromanipulator with 
40-nm precision using a custom-made aluminum fixture with a spring constant 
approximately three orders of magnitude greater than the spring constants of the 
microbeams (Figure 28). 
cells
microbeams
glass slide
rod
manipulator
microscope
y
y
z
y
x
x
 
Figure 28. Schematic presentation of the fixture that is attached to the 
micromanipulator for stretching sample cells. Arrows show the direction of 
motion. 
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4.2.2 Experimental procedure 
The Eppendorf NK-2 is capable of manipulating the rod in x, y, and z directions 
independently. It is controlled by a joystick at a resolution of 1 μm. The rod is clamped to 
the NK-2 manipulator and attached to a 1 in × 3 in glass slide to which the microbeam 
array is glued at the tip. The microbeams are slowly lowered onto the structure until the 
contact occurs. The angle of the rod relative to the NK-2 can be changed with a rotational 
adjustment on the clamp of the NK-2. The manipulator is moved unidirectionally in the 
plane of the stage to exert forces on the structure. After each movement by the 
manipulator, images of the beam tips are captured using a 20× objective on a FX-1520 64 
Mp Shifting Pixel Camera using SPOT RT-II SPOT Advance software v4.5 (Diagnostic 
Instruments, Sterling Heights, MI). This results in a pixel of approximately 64 nm × 64 
nm, for an image size of 500 μm × 500 μm. However, since the images are diffraction-
limited, this represents approximately eighty pixels within a 1λ × 1λ region, where λ ≅ 
600 nm. The deflections of the microbeams are obtained using a deflection calculation 
algorithm developed that uses an Otsu thresholding algorithm (Otsu, 1979) and object 
labeling method (Figure 29). 
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Figure 29. The algorithm of the Matlab code to determine the forces applied 
on the sample  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
convert grayscale image to 
binary image for deflected 
and undeflected images 
obtain image from the optical 
microscope (Figure 3) 
calculate the deflection and the 
force on each beam (Figure 6)
determine the objects 
(microbeams) 
 label the microbeams (Figure 4)
determine the outer boundaries 
of the beams (Figure 5)  
move the microbeam array 
increase the threshold value 
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Capturing the deformed and undeformed bottom view of the beams under the 
microscope, the code calculates the displacement of the geometric center of the bottom 
surface beams from the images. The 120 μm long beams with a standard deviation of  0.2 
μm  are positioned such that the tips of the beams simultaneously touch the glass slide 
and are visible from below with an inverted microscope (Sasoglu et al., 2007). The initial 
configuration and the instantaneous positions of the microbeams at different timelines 
during stretching process are then captured using the camera and software. The images 
are then converted within Matlab to binary images using thresholding algorithm to obtain 
2D outer boundaries of the beams. The global image threshold is computed using Otsu's 
method for binarization (Otsu, 1979). In Otsu's method, the threshold is chosen such that 
the between-class variances of the black and white pixels are maximized. First, the grey-
level distribution (histogram) of the image is formed and the variance between black 
pixel classes and white pixel classes are computed for different threshold levels. The 
threshold giving the maximum between class variance is selected. After the optimum 
threshold is found, the binary image is produced as follows. The pixels having a grey-
level value greater than the found threshold are set to 1 (white), and pixels having a grey-
level value smaller than the found threshold are set to 0 (black). Once the image is in 
binarized, the objects are labeled with 8-connected neighborhood object labeling 
(Haralick and Shapiro, 1992). In order to reduce noise, the objects that do not look like 
beams are discarded using a subroutine of Matlab so that all labeled objects correspond to 
microbeams only. Once the microbeams are labeled and knowing the image size and the 
base displacement of the beams, the relative tip deflections are determined. A range 
between 1 μm and 70 μm is swept in this application. All simulations were run on a 2 
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GHz single processor with 4 GB of RAM. The entire algorithm process for each image 
took approximately 1 second. 
 
4.2.3 Theory and computations 
The code then determines the force applied to the structures to obtain the stiffness of 
each cell. The stiffness value of a single microbeam is derived using the general form of 
the Euler beam equations (Gere, 2004), which are valid for beam structures with aspect 
ratios of 10 or greater. Timoshenko’s non-linear model is used to analyze small aspect 
ratio beams undergoing large deflections. This model includes the shear, axial and 
bending deformations (Aristizabal-Ochoa, 2007). The horizontal and vertical deflections 
can be calculated in a simplified manner under vertical and horizontal tip forces. 
A nonlinear finite element analysis solution was performed using a method similar to 
the one described in Chapter 3 using ANSYS with 3D sold tetrahedral 10-node elements. 
Here a longitudinal displacement on the tip of the beam is applied and the resultant force 
is calculated. The beams are considered elastic and isotropic with modulus of elasticity of 
1 MPa and Poisson’s ratio of 0.45. Two different boundary conditions are applied. The 
first boundary condition is free beam tips, which matches the boundary conditions used in 
our implementation of the Timoshenko model analysis. This boundary condition assumes 
no axial force components. This is valid assuming that the beams are just touching the 
substrate and thus no axial forces are applied.  A second boundary condition, wherein the 
beam tips are fixed in the axial direction and free in the longitudinal direction is used for 
comparison. This boundary condition allows for the inclusion of any axial forces induced 
by adhesion interactions with the substrate. 
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4.2.4 Procedure for object labeling 
Images are captured after the microbeam array is first brought into contact with the 
substrate and after each 5 µm displacement of the NK-2 (Figure 30). The microscope is 
focused manually on the surface of the structure where force is applied. In regions where 
the contact occurs, the beams appear to be darker. 
The code converts the images obtained from the optical microscope to binary form 
and then calculates the outer boundaries of each beam using the 8-connected 
neighborhood object labeling technique (Figure 31). After labeling, the bottom center 
coordinates of each object are determined (Figure 32). This coincides with the edge of the 
tip of the beam. In Euler beam theory, the deflections are calculated from the neutral axis. 
However, in this case the deflections of the beams were calculated from the edges of the 
tip of the beams assuming that the neutral axis deflections are approximately equal to the 
edge deflections. 
The neutral axis deflection is 
 θνν sinrredgeNA +−= , (15) 
where νedge is the edge deflection of the tip, r is the radius of the beam and θ is the angle 
of tip curvature. In our case; the maximum tip angle of curvature is approximately 25°, 
which gives an error of 3%. Therefore, it is a good assumption to use the tip edge 
deflection, since the view of the center of the bottom of the beam is occluded. 
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Figure 30. a) Initial configuration of the location of the microbeams just before 
applying force on the surface b) deformed configuration of the microbeams while 
applying force on the surface  
 
 
 
 
 
Figure 31. The object labeling technique in Matlab a) the initial image is labeled from 1 
to 12 b) the final image is labeled from 1 to 12.  
 
 
 
(a) (b) 
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(a)
100 μm
(b)
100 μm
 
Figure 32. a) initial undeformed b) final deformed configuration of the beams after 
binary conversion. The grey dots show the tip edges of the microbeams. 
 
The base displacement of the tips during pulling is input to the Matlab code. The 
code calculates the deflection of the beams by the relative displacement of the tip and the 
base of each beam. It then determines the force that each beam applies to the structure 
using (2.1-2.11). The beams were placed in contact with the substrate and the base was 
displaced by the NK-2 in 5 µm steps until the base was displaced a total of 200 µm. 
Using the images captured at each displacement step, deflections of the beams were 
measured. With each beam deflection, the force applied is then calculated, using each of 
the methods previously discussed, namely Euler beam theory, Timoshenko beam theory 
and finite element analysis. 
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4.2.5 Parallel force measurement 
The microfabricated parallel force measurement device was used to obtain the 
mechanical properties of an array of polymeric PDMS beam array with 20% curing agent 
ratio. The array was fixed on the stage of the optical microscope. The calibrated parallel 
force measurement device, 10% curing ratio beam array, was attached to the 
micromanipulator and lowered on the 20% curing ratio microbeam array. In order to 
obtain the highest resolution, 40Χ objective was used and 9 beams were deflected using 
the calibrated beam array (Figure 33). Each beam of the calibrated beam array was 
calibrated using the tipless AFM cantilever as explained in Chapter 3. The elastic 
modulus of the beams were found to be 1± 0.05 MPa. The micromanipulator was 
displaced 5 μm intervals to a total deflection of 20 μm. The same experiment was 
performed with the 10% curing agent ratio beam array in order to verify the accuracy of 
the method.  
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Figure 33. Parallel force measurement of 20% curing ratio beam array. 
 
4.2.6 Obtaining mechanical properties of an array  
The beam deflection values are determined using the image processing algorithm of 
MATLAB code for 9 different beams for 4 different deflections of each.  The elastic 
modulus for each displacement values is calculated through an iterative process to obtain 
the modulus of elasticity of 20 % curing ratio beam array.  
First, the force displacement curve of the beam of 20 μm radius and 120 μm long  
with a fixed-free boundary condition was drawn using non-linear ANSYS analysis with 
elastic modulus of 1 MPa, of the 10% curing agent ratio, and 10 node tetrahedral 
elements for various force values ranging from 1 μN to 15 μN using 25 different data 
points. The deflection value of the calibrated beam was then determined using MATLAB. 
40x objective 
stage 
20% curing ratio 
microbeam array 
10% calibrated 
microbeam array 
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This deflection value is used to determine the force value of the calibrated beam array for 
each beam and deflection value. This force value is equal to the force on the array of 
which the mechanical properties will be determined. This force value and the deflection 
of the beam is used as the input of the ANSYS simulations. An iterative process is 
performed several times to determine the elastic modulus of the beam. This process is 
repeated for all 4 displacement values and 9 different beams, a total of 36 elastic modulus 
values.  
 
4.3 Results 
4.3.1 Measuring the frictional forces of the beam array on glass substrate 
The force value of each beam was determined using the MATLAB algorithm. The 
frictional force values on the glass substrate were found to be 6.3 ± 0.8 μN (Figure 34). .  
A convergence study was performed to determine the minimum number of elements for 
an accurate modeling in finite element analysis. The Von-Mises stresses at the base of the 
beam were determined. The minimum number of elements was found to be 4897 (Figure 
35). The horizontal beam tip deflection versus the horizontal beam tip force graph using 5 
μm intervals of displacement (Figure 36). Each point represents the average of 12 data 
displacements recorded from a 3 × 4 beam array. The deflection and force values of all 
12 beams at each displacement step were averaged and plotted. The 25 data points 
represent 5 µm steps of the base motion. The Timoshenko and FEA curves employed 
fixed-fixed boundary conditions. The Timoshenko curves matched with the predicted 
results of FEA within 1.5% error.  
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Figure 34. Matlab output showing the force and displacement values of each 
beam superimposed over a portion of a beam array prior to deflection. 
Displacement, x, is in μm and force, F, is in μN. 
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Figure 35. Convergence study that shows the maximum Von-Misses stress at the base. 
The minimum number of element was found to be 4897 for a maximum of 0.01% error. 
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Figure 36. The horizontal beam tip deflection versus the horizontal beam tip force 
graph using FEA and Timoshenko models. Each point represents the average of 12 
data displacements recorded from a 3 × 4 beam array.  
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4.3.2 Comparison of frictional forces on glass and PDMS substrate 
In order to validate our approach as one capable of discerning the mechanical 
properties of materials with different stiffnesses, the microbeam array was tested on two 
surfaces: a rigid glass slide and a 10-mm thick PDMS sample with dimensions of 3 cm × 
3 cm glued to a glass slide. The microbeam array was brought into contact and moved as 
described above a total of 200 µm in 5 µm steps along both of the surfaces. The average 
deflection of the beams versus base displacement is shown in Figure 37. 
The rigid glass surface provides more resistance to the tips of the beams resulting in 
a steeper slope of the tip versus manipulator. The PDMS surface is much more compliant, 
leading to smaller forces in the surface tip interactions and thus smaller tip displacements. 
Along both surfaces the maximum tip deflection is 60 µm. This corresponds to a force 
applied at the tip of 5-15 µN, the limit for a beam of this geometry (40 µm diameter and 
120 µm long). This limit is dependent on the flexural rigidity and length of the beams. 
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Figure 37. Tip deflection versus manipulator displacement on two surfaces 
with different stiffnesses. The beams continue to bend up to a deflection of 60 
µm, after which the beams begin to only slide along the surface. The force 
applied to the beams to cause a 60 µm deflection is between 5 and 15 µN. 
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4.3.3 Elastic modulus of a polymeric array 
The non-linear ANSYS model with a fixed-free boundary condition was drawn from 
1 μN to 15 μN which corresponds to deflections less than 60 μm (Figure 38). The elastic 
modulus of the PDMS at 20% curing ratio was determined to be 1.3 ± 0.03 and at 10% 
determined to be 1.0 ± 0.04 with 9 beams at 4 different displacement values of each 
(Figure 39).  
0
5
10
15
20
25
0 10 20 30 40 50 60 70
deflection (μm)m)
fo
rc
e 
(μ
N
)
 
Figure 38. The non-linear ANSYS model with a fixed-free boundary condition. 
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Figure 39. The elastic modulus of 10 % and 20% curing agent ratio PDMS ( n=36).  
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4.4 Discussion  
Converting the captured images to binary format is critical in determining the 
accuracy of the results. For example, during greyscale to binary image conversion, some 
of the greyscale data is lost. However, the deflection calculation code calculates the 
deflection and the force based on the darkest regions, which are the contact points 
between the sample and the microbeam. Thus, the necessary data required in our force 
measurement calculations is retained, maintaining model accuracy. 
When considering that the force values may be determined using several different 
theories such as Euler beam theory, Timoshenko beam theory, and finite element analysis 
methods, the accuracy of the calculated values are highly theory-dependent. Non-linear 
finite element analysis is accurate for both small deflections and large deflections. On the 
other hand, small deflection theory can only be used for small beam deflections. To 
ensure the accuracy of the results, the appropriate boundary conditions must be applied. 
There are several conceivable methods for obtaining the most accurate representation of 
the boundary conditions. For example, initial contact may be observed optically by the 
microscope operator as the beams approach the substrate. Once contact has been made, 
the operator may then either compress or retract the device by a known displacement and 
the normal force calculated via a linear spring theory. Alternatively, a mechanism, such 
as a scientific balance, may be used to measure average normal force for the array. 
The image quality during capture process may be improved by using differential 
contrast imaging (DIC), or confocal microscopy. Transparent structures may also be 
visualized in phase microscopy by producing contrast from refractive index. DIC is a 
modification to phase imaging that gives good rejection of out-of-focus interference. It 
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provides an image of the gradient of refractive index inhomogeneities in the sample. 
However, in our particular set of experiments, the outer borders of the microbeams were 
clear enough and none of these techniques were required. The dark black parts of the 
microbeams on the images represent the contact point of the microbeams and the sample. 
The images show the greatest deflection of the experiment.  
A convergence study was essential for the accuracy and efficiency of the finite 
element modeling. The Von-Mises stresses at the base of the beams were found using 
different number of elements. The run-time of the finite element model is significantly 
dependent on the number of elements that were used. The optimum number of elements 
was found to be 4897. Using twice as many elements resulted in just 0.01% change on 
the stress. However, it took almost twice as much time to run the model.  
The Timoshenko and finite element modeling of frictional force calculations show an 
increasing non-linear trend. The deviation of Timoshenko model from the finite element 
analysis is because of some neglecting some of the bending energy terms in Timoshenko 
model. The stiffest curve of the fixed-fixed FEA prediction resulted from the extra 
constraint at the beam tip.  
The experimental results show that the horizontal force, the frictional force, is more 
on the PDMS surface compared to the glass surface. After a certain deflection value the 
sliding of the microbeam starts. Since the frictional forces on the PDMS substrate is more 
than the glass surface, the sliding on the glass surface starts earlier. Because of 
geometrical conditions the beams do not bend more than a specific value, in our case the 
maximum deflections were approximately half of the beam length.  
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In parallel force measurement of 20%-curing ratio beam array, the 3% variations in 
the elastic modulus of the beams were due to the limited accuracy on the alignment of the 
fixture. In finite element modeling all the beams were assumed to be fixed-free and a tip 
force was applied. However, the inaccuracy of the alignment of the beams in all three 
axes may have caused the actual force to be applied at different distinct locations of the 
beams during experimentation rather than right at the tips. Another reason of the 
differences within the individual beams can be the noise during image processing. The 
calibrated beams were also used to measure the mechanical properties of the exact same 
pattern and the results of the 10% curing agent ratio show that this method is accurate 
within 4%.  
The current code is dependent on taking an image manually, and then determining 
the deflection of the beam using MATLAB. The code can be made more robust by 
continuously sending images to the MATLAB code at a user-specified time interval.  
This would facilitate experiments when forces and or displacements are being 
continuously monitored. 
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CHAPTER V:  AN APPLICATION OF THE MICROBEAM ARRAY: PRINTING 
PROTEIN PATTERNS AND INITIAL STUDIES ON NEURONS 
For parallel force measurement in cells, an adhesive substrate must be provided. 
Laminin, poly-lysine, and fibronectin are the most popular proteins used for this purpose, 
each being preferred for different cell types. In this chapter, two printing methods, dip 
pen-protein printing and microcontact printing, are presented. Both methods are used for 
all three proteins. The results show that by changing the dwelling time and humidity 
level, required patterns may be obtained by dip pen protein printing. On the other hand, 
since same microbeam array is used for printing and stretching the cells, microcontact 
printing eliminates the problems in aligning the beams above the cells. Thus, it was 
possible to obtain circular spots of 5-15 μm diameter spots using dip-pen printing and 10-
40 μm spots using microcontact printing. Both methods were used to print 15-20 μm 
wide stripes. This chapter demonstrates a method to direct the cell growth, relying on 
cells to follow printed patterns. Chick forebrain neurons from 8-day-old embryos were 
used as testing cells. A high-precision, manually adjustable fixture was designed for the 
alignment of the microbeam array in three axes, enabling the stretching of the cells in 
parallel. A Weather Station was designed around the optical microscope to provide 
suitable living conditions for cells at 37° C and 5% CO2.   
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5.1 Introduction 
5.1.1 Importance of protein in experimental cell growth  
 An experimental environment for the growth of cells requires an adhesive substrate 
and a physiological liquid (De Silva et al., 2004). Laminin is widely used for dorsal root 
ganglion (DRG) and fibronectin is preferred in the case of endothelial cells. The most 
popular protein substrate for forebrain neurons is poly-lysine (Heidemann et al., 2003). 
Laminin is a large, basement membrane glycoprotein with diverse biological functions, 
including differentiation, migration and adhesion of cells. Its cell binding ability (via 
membrane-bound integrin receptors) makes laminin an effective substrate coating for 
stimulating and enhancing cell migration and neurite outgrowth. Laminin-5 is a basement 
membrane extracellular matrix macromolecule that provides an attachment substrate for 
both adhesion and migration in a wide variety of cell types, including epithelial cells, 
fibroblasts, neurons and leukocytes (Koshikawa et al., 2000). The most common methods 
for laminin patterning are microcontact printing (De Silva et al., 2004; Sgarbi et al., 
2005) and soft lithography (Kane et al., 1999). Other recent research on methods of 
micropatterning cells on chips, e.g. (Bouaidat et al., 2004), includes microcontact 
printing (μCP) (Lauer et al., 2001) and hydrophobic-Teflon-patterned neural guides 
(Tixier et al., 2000; Griscom et al., 2002). 
 Fibronectin (FN) is an extracellular matrix (ECM) protein that induces cell growth 
(Toworfe et al., 2004). The details of its quaternary structure, such as its Arg-Gly-Asp 
integrin binding regions, are also implicated in its cell binding and motility rates. Its 
dimeric structure consists of two chains with repeated domains bonded by disulfide 
bridges (Quigley et al., 1987).  During adsorption, FN undergoes rearrangements, which 
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have recently been shown to influence protein folding and functionality (Sousa et al., 
2007).  A loss in protein functionality may result in the inability of cells to bind to FN. 
Michael et al., 2003 demonstrated a correlation among the functional groups exposed on 
an adsorption surface, protein folding and cell binding properties. Their results suggest 
that the use of -OH and -COOH exposing groups will lead to cell binding and the 
retention of the conformation of FN. 
 Poly-D-Lysine is a charge enhancer and, therefore, can be used for coating a variety 
of surfaces. When used to coat ELISA plates, it tends to improve the binding of IgG 
(Immunoglobulin). A high pH value will aid the binding to the plates. Certain cells can 
digest poly-L-lysine, in which case poly-D-lysine should be used. The lower molecular 
weight poly-D-lysine (30-70 kDa) is easier to use since it’s solution is less viscous. On 
the other hand, the higher molecular weight poly-D-lysine (>300 kDa) provides more 
attachment sites per molecule. The mid-range product has a MW range of 70-150 kDa 
(Merck Index, 11th edition). 
 
5.1.2 Role of poly-lysine in axonal growth 
 In the case of neurons with the potential of developing into axons, the axonal growth 
was shown to be initiated in vitro by localized application of tensile forces (Bray 1984; 
Dennerll et al. 1989). The two most important influences on axonal growth are the 
direction and the location of the force exerted by the cortical actin mesh and microtubules 
onto the membrane in the growth cone region, and transition zone of the axon. 
Interactions between actin and the integral membrane proteins targeted by our substrate 
surface preparation coating and microbeam surface preparation of poly-lysine are also of 
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critical importance for a robust mechanical attachment. These attachments occur 
primarily through electrostatic attraction between cells and substrate and microbeams. 
However, due to the fact that both untreated glass and cells are negatively charged, the 
electrostatic attraction required for an efficient interaction between them has to be 
provided. A synthetic molecule, poly-lysine, applied to a glass surface renders it a 
positive charge, thereby increasing the electrostatic attraction between the glass surface 
and the cell, and thus favoring cell attachment. Figure 40 shows how a poly-lysine coated 
microbeam array interacts with the membrane of an axon. In addition to promoting cell 
adhesion, poly-lysine also enhances the adsorption of serum or extracellular matrix 
proteins to the culture substrate.  
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Figure 40. Depiction of the nerve cell and cytoplasmic membrane. a) A nerve cell b) Cell 
membrane just before poly-lysine coated microbeam interacts with it c) Microbeam 
pulling the nerve cell d) Molecular structure of poly-lysine hydrobromide 
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5.2 Methods 
5.2.1 Protein preparation for dip-pen printing  
Poly-DL-lysine was dissolved in sodium tetraborate decahydrate at a concentration 
of 1 mg/mL and kept in 100 μL aliquots at -4° C. Prior to the application, the aliquots 
were kept at room temperature 20 minutes. It was then diluted in borate buffer at a ratio 
of 1:10 (each 100 μL aliquot mixed with 900 μL borate buffer). The solution was then 
used to pattern on glass cover slides (Bellco Glass, Vineland, NJ) specifically designed 
for nerve cells or hard-to-attach cells. A desired pattern was obtained with the Nano 
eNabler (BioForce, Ames, IA). This is a multi-faceted platform, which is capable of 
printing femtoliter volumes of solutions to the defined locations. It uses microfluidic 
channels, which constantly deliver the liquid to be transferred on the surface and are 
called surface patterning tool (SPT) (Figure 41). SPT-S-C30 tips (BioForce 
Nanosciences, Inc) were used for protein printing. In general, increases in the humidity 
level and dwelling time result in larger spot sizes.  
Poly-lysine was placed into the reservoir, from where it flows down the channel. 
When contact occurs with the surface, a small volume of liquid is transferred to the 
surface. The process is repeated automatically until the desired pattern is obtained. The 
size of the pattern may be controlled by changing the humidity level and/or the dwelling 
time. During the preparation of the protein solution that was fed into the SPT sink, 50% 
of glycerol was added into the lysine with the purpose of decreasing the evaporation time 
of the protein during printing process.  
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Figure 41. The surface patterning tool (SPT) for the Bioforce Nano eNabler. a) Lysine is 
poured onto the reservoir and flows down the microchannel to the tip of the cantilever, 
which contacts with the glass surface. b) SPT cantilever filled with poly-lysine glycerol 
solution. Cantilever length is approximately 200 μm. 
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5.2.2 Dip-pen printing of micro stripes 
During the attempts for creating stripes, it was observed that these printed spots had 
high contact angles on glass, presumably due to hydrophobic and low wetting properties 
of glass. Because of these properties, printing stripes comprised of a series of spots were 
rendered difficult.  
We, therefore, aimed to achieve a hydrophilic surface in order to facilitate the protein 
attachment. For this purpose, the glass coverslips were treated under UV light for 
approximately 10 minutes. UV alters the hydrophobic and wetting properties of glass. 
However, if left in the air, glass regains its hydrophobic properties. Under normal 
conditions, glass should always be kept wet if full hydrophilicity is required. Therefore, 
glass was immediately inserted into the Nano eNabler for printing to avoid a hydrophobic 
surface. The humidity level was set to 50% and printed stripes were obtained using the 
Nano eNabler. 
 
5.2.3 Microcontact protein printing of micro spots 
While our primary intended utility of the microbeam array is to achieve parallel force 
measurement on structures, such as cells, at the microscale and ultimately the nanoscale, 
it may also be used to print proteins. . Shorter beam arrays with an aspect ratio of 1 were 
fabricated using the method presented in Chapter 3. The low-aspect-ratio of microbeam 
array (length/base = 1) was used to print laminin/poly-lysine on a cover slip to be used as 
a pattern for cell attachment.  
 
 
 
 
 
   
103
5.2.4 Microcontact protein printing of laminin/poly-lysine spots 
Initially, the idea was to use DRG (Dorsal root ganglion) neurons as experimental 
cells. Laminin was prepared for DRGs. Having a protein grid spacing which equals the 
beam tip spacing would facilitate the alignment for planned neuron straining experiments. 
The microbeam array was used to print laminin on a glass cover slip in a pattern identical 
to the intended cell array pattern. Natural mouse laminin 23017-015 (Invitrogen) was 
mixed with 0.05 M TRIS base with a pH of 10.9  and 0.15 M NaCl in a Petri-dish at a 
concentration of 20 µg/ml (Sgarbi et al., 2004). The mixture was deposited onto the 
patterned side of the microbeam array for 30 minutes and dried under a nitrogen stream 
(Sgarbi et al., 2004).  
A mass of 20 g was put onto the array for 5 minutes to obtain full contact between the 
microbeam array and the cover slip to obtain uniform printing. Afterwards, the 
microbeam array was removed, furnishing the intended pattern. The printed array was 
washed once with deionized water in order to get rid of the unattached protein.  
In the case of poly-lysine, same protein preparation procedure was used as the dip-pen 
printing along with the same laminin printing techniques. 
 
5.2.5 Microcontact protein printing of stripes 
Microchannels were also printed onto piranha-cleaned glass substrates using replica 
molding and microcontact printing techniques (Figure 42).  Replica molds were created 
by soft lithography from a master that consisted of microchannels with dimensions of 15-
17 µm in width, 1 µm in height, and a spacing of 13 µm between the channels.  The 
master had been previously created by microfabrication at the National Nanotechnology 
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Laboratories (NNL).  A profile of the master was measured with a profilometer to ensure 
that its actual shape was consistent with the listed dimensions.   
 
5.2.6 Microcontact printing of fibronectin stripes 
150 µl of FN in PBS (sodium perborate) was applied to the PDMS stamp. FN 
concentrations of 1 μg/ml, 5 μg/ml, 10 μg/ml, 25 μg/ml and 50 μg/ml were printed. The 
FN was then incubated on the mold for 30 min at 4˚ C.  Following the incubation, excess 
FN was removed from the mold using a pipette, and the stamp was dried under nitrogen 
gas.  Finally, the mold, now coated with FN, was stamped onto the glass substrate.  
Tweezers were used to press the stamp against the substrate, ensuring contact between 
the two materials. The mold and substrate were then stored for 30 minutes at 4˚ C.  
During this time, FN was transferred from the mold to the substrate in the desired 
pattern.  The FN concentration and printing time used were determined experimentally. 
Following the completion of the printing process, the stamp and substrate were brought to 
room temperature, after which the stamp was removed from the substrate.  The substrate 
was washed three times, each time with 1 ml of PBS, to remove the excess protein from 
the glass. 
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Figure 42. Schematic presentation of the microcontact printing process. a) PDMS is 
poured over master and allowed to polymerize.  b) FN is deposited onto PDMS replica 
and adsorbed onto the surface. c) Replica is stamped onto the substrate.  d) FN pattern 
printed on the substrate.   
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In order to determine the functionality of the FN pattern on the substrate, fluorescent 
staining was performed after the printing of the protein for FN concentrations of 5, 10, 50 
μg/mL.  The ability of a fluorescent antibody to bind with FN indicates that the protein 
configuration was not changed during the printing/adsorption process, implying that the 
protein is still functional (Hynd, Frampton et al., 2007).  Fluorescent staining was 
performed by applying a rabbit primary antibody, anti-FN with a dilution of 1:400 in cold 
PBS (0.01 M) to the FN pattern. This pattern was stored for 30 min at 4˚C.  Following 
this procedure, the sample was washed with 1 ml PBS.  Then, a secondary antibody 
FITC-labeled anti-rabbit-IgG with a dilution of 1:40 in cold PBS (0.01 M) was applied to 
the substrate, which was again incubated for 30 min at 4˚ C.  After the incubation, the 
sample was washed with PBS, rinsed with MilliQ water and dried under nitrogen.  
Finally, the pattern was ready to be viewed under the fluorescent microscope. 
 
5.2.7 Forebrain Cell Dissociation 
 Eight-day-old chick embryos were used for the chick forebrain neuron culture. 
Forebrain hemispheres were dissected, dissociated, and then plated at 104 cells/coverslip 
according to the standard procedure (Heidemann et al., 2003). The embryos were taken 
out of the egg; meninges were removed and the two forebrain lobes were separated from 
the rest of the brain. After the blood vessels were removed, the lobes were minced into 
100 pieces per half brain. During the process, the tissue was always kept wet in a Hepes 
buffer, F12H-S10. The samples were added into a 15-ml tube, which contained 2ml of 
(CMF-PBS) and the solution was agitated by pipetting. After adding a further 3 ml 
portion of CMF-PBS, the tube was vortexed gently for 15 seconds, followed by 
centrifuging for 4 minutes. In the meantime, frozen trypsin-EDTA was incubated in a 37° 
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C water-bath for 10 minutes. The supernatant was aspirated and 0.1 mM tripsin in PBS 
was added. This mixture was then incubated for 7 minutes in a 37°C in water bath, while 
being shaken every 2 minutes. Following the incubation, the tube was centrifuged for 1 
minute. The supernatant was aspirated and the cells were agitated with the culture 
medium before plating. Cell culture mixture was again centrifuged for 4 minutes. 
Cultures were maintained in supplemented M199 medium (Invitrogen, Carlsbad, CA) and 
incubated (5% CO2; 37°C) for 2-3 days before experimentation. Culture medium was 
changed every other day. Cultures were fixed with gluteraldehyde in PBS (5 μL/mL) for 
15 minutes followed by storage in PBS. 
Cultures were fixed using a simultaneous fixation and extraction method (Gallo and 
Letourneau, 1999), which allows the extraction of free tubulin out of the axoplasm while 
fixing microtubules. Fixed cultures were treated with 2 mg/ml sodium borohydride 
(Sigma) and stained with DM1A anti-tubulin (1:100, Sigma) to reveal tubulin. Images 
were acquired using a Zeiss 200M microscope (Zeiss, Gottingen, Germany) and captured 
with AxioVision software (Zeiss). 
 
5.2.8 Weather Station 
Since live images would be taken during the course of the experiments, it was of 
outmost importance to provide the cells with proper conditions, which would ensure the 
maintainance of their vitality during the experimental time span. For this purpose, a 
weather station with temperature control and CO2 input was used. The weather station (B 
& B Microscopes) is a precise temperature-controlled air heater, which provides a closed-
loop control system in a closed chamber, offering an alternative method to an electric 
heater. The temperature is controlled by standard Proportional-Integral-Derivative (PID) 
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tuning, providing a very stable and uniform temperature. The temperature sensor is 
mounted close to the stage in order to obtain temperature readings around the sample. 
The instrument is also designed to operate with pre-mixed 5% CO2 gas, which is essential 
to keep the forebrain nerve cells alive (Figure 43). Since prolonged exposures to low 
temperature and CO2 levels diminish cell viability, the rise time of the temperature inside 
the chamber of the weather station needed to be experimentally tested. 
 
5.2.9 AFM contact mode  
In order to assess the topography of growth cones forming on the lysine substrate, 
several images of axons were taken using the contact mode of AFM. In this mode, also 
known as the repulsive mode, an AFM tip makes soft physical contact with the sample. 
The tip is attached to the end of a cantilever with a spring constant lower than the 
effective spring constant holding the atoms of the sample together. As the scanner gently 
traces the tip across the sample (or the sample under the tip), the contact force causes the 
cantilever to bend to accommodate changes in topography. 
 
 
 
 
 
 
 
 
   
109
 
Figure 43. Weather station designed with PID temperature control and 5% CO2.  
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5.2.10 Directional cell growth by following printed patterns 
The printed protein patterns were used to direct the axon growth. The forebrain nerve 
cells were attached to printed stripes to direct their growth, relying on them to follow the 
poly-lysine pattern. The cells were plated such that 2 x 104 cells were initially placed on 
the patterned coverslips, which is twice as much as the actual quota a of fully coated 
coverslip. The cells were allowed to settle for 90 minutes, in order to allow efficient 
adherence to the proteins on the coverslips, which were then washed gently  with a PBS 
solution three times to eliminate the unattached cells. Ninety minutes was determined to 
be the optimal duration of the washing procedure. Less time would wash away the cells 
which are not fully settled on the proteins, whereas more time would result in excessive 
dead cells on the coverslips. The directionality of the axons were compared with the the 
fully coated poly-lysine surface. The cells are considered aligned if they are within 10% 
of the direction of the protein patterns. The number of dead cells and the unaligned cells 
were also compared with the control experiment. The axon length of the neurons were 
also quantified and confirmed with the control experiment (n=40). 
5.2.11 Fixture for cell stretching 
The experiment calls for an accurate alignment of the microbeams just above the 
cells before lowering the beams onto the coverslip. It is of great importance that these 
beams be very well aligned along all three rotational axes to an accuracy of less than 0.5° 
for best results. This angle corresponds to a displacement tolerance of approximately 0.1 
μm. The failure on alignment may result in excessive force on the regions where the 
beams come into contact with the cells, causing cell death. 
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Initially, a system with a glass slide attached to a rod was being used which was 
successfully applied to systems where only the calibration was of importance. In order to 
achieve a more precise measurement of forces on living organisms, a more sensitive 
fixture for alignment was designed in our lab. Our fixture consists of a kinematic filter 
mount (Edmond Optics), which is normally designed to precisely align the optic filters, a 
steel rod that is attached to the micromanipulator, and an aluminum plate to hold the 
PDMS microbeams. Using the alignment screws of the kinematic filter mount, 100 TPI, 
the system can be aligned more accurately along all three axes (Figure 44). 
 
 
 
Figure 44. Schematic showing the fixture design for acute beam alignment. 
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5.3 Results 
5.3.1 Dip-pen printing of poly-lysine micro spots 
An array of 10 Χ 10 was obtained by the nanoarrayer. The spot sizes of 
approximately 8 μm and the pitch of 15 μm were obtained at the humidity level of 15% 
and the dwelling time of 0.5 seconds (Figure 45a). In this experiment, the dependency of 
the spot sizes on printing size, dwelling time and waiting time was determined at constant 
humidity. This was achieved by changing the dwelling time and waiting time during 
printing, using the NanoArrayer. Each spot size at the corresponding dwelling time was 
determined by averaging of five sample spots diameters at 19% humidity and 1.0 second 
waiting time (Figure 45b). We found a humidity level of 30% and a dwelling time of 0.5 
seconds to be optimal for our process. 
 
5.3.2 Dip-pen printing of poly-lysine micro stripes  
The cells follow the printed patterns of the protein while extending their axons. 
Although it is possible to print different sizes of a protein on glass slide, hydrophobicity 
of the untreated culture glass slide makes it impossible to obtain a stripe by printing the 
spots closely. Therefore, the culture slides were treated in oxygen plasma cleaner for 10 
minutes in order to obtain a hydrophilic surface. The dwelling time was set to 1 second 
and the distance between each spot was fixed as 5 μm, which allowed the printing of a 
stripe of protein. The width of the stripe that was obtained at the end of the process was 
approximately 12 μm while the length was approximately 200 μm. In order to obtain a 
large control base for cell attachment, a rectangular region of approximately 40 x 40 μm 
was also printed (Figure 46a). 
 
 
   
113
It was also possible to obtain arbitrary shapes by arranging the dots to be printed. This 
was done by programming the geometry of the desired region as well as the dwelling 
time and the distance between the spots. Once this is programmed, the desired pattern is 
easily achieved. This ability to print arbitrary shapes is of importance, since it will enable 
us to orient the growth of the cells by having them follow the patterned guides (Figure 
46b).  
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Figure 45. a) The printed arrays. The pitch is 15μm. The humidity level is 15% and the 
dwell time is 0.5 secs. This resulted in a spot size of approximately 8 μm. b) Increasing 
the dwell time results in an increase in spot size up to an asymptotic level of 12μm at a 
humidity level of 15%. 
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Figure 46. a) Showing lysine stripe with a width of 12 μm in width and length of 200 μm. 
b) showing the possibility of obtaining arbitrary shapes by correctly programming the 
nanoarrayer. 
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5.3.3 Microcontact printing of poly-lysine spots 
Microcontact printing results were also similar to the dip-pen printing methods. It 
was also possible to obtain a laminin array with spot sizes of approximately 10 μm 
(Figure 47). The AFM image of another array also shows that the spot sizes of 5 μm can 
also be achieved and the height of the initial printing was approximately 250 nm (Figure 
48). 
 
 
 
 
Figure 47. Brightfield optical microscopy image of mouse laminin printed on a glass 
coverslip revealing a pattern identical to the microbeam array and the intended cell 
printing pattern. A laminin substrate is critical to cell adhesion. The non-printed regions 
will allow for unhindered force measurement, since cells will experience less surface 
interaction force within this region. 
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Figure 48. a) A 10 x10 μm AFM image of a single microprinted lysine dot b) The AFM 
cross-section of the single printed dot. 
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5.3.4 Microcontact printing of stripes 
The printed stripes are also obtained using a PDMS replica with stripes of 17 μm 
wide and a spacing of 30 μm between each stripe. The images in Figure 49a-b show the 
poly-lysine stripes on glass slides before washing them with 1 mL PBS. The atomic force 
microscope (AFM) images are also obtained after the washing (Figure 49c). The 
maximum height of the protein was more than 1000 nm before washing. However, it was 
less than or equivalent to 100 nm after washing. 
Images were also taken of the patterned protein with FN concentrations of 5, 10, 50 
μg/mL, using air tapping with an AFM (Digital Instruments).  Scan sizes ranging from 1 
μm to 150 μm of our pattern were performed with a contact force of approximately 10 
pN.  A large scan size was chosen to ensure a consistent patterning of our protein, while 
the smaller scan size allowed us to view the details of our pattern. Printing of FN on glass 
showed obvious channels of proteins (Figure 50). The residues of the printed FN were 
visible under the optical microscope.  The printed FN that corresponds to the edges of the 
channels appears to be found in larger droplets (Figure 51). A clear protein pattern, 
indicating a good transfer of protein from the replica to the glass substrate, was revealed 
for each of these FN concentrations. A FN pattern with sharp edges was clearly 
demonstrated. The height of the protein was consistent, with a maximum protein height 
of  approximately 20 – 30 nm  
Fluorescent images of the protein demonstrated once again that the pattern was 
successfully transferred to our substrate for the different FN concentrations (Figure 52).   
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Figure 49. a) Optical microscope image of poly-lysine pattern before washing b) AFM 
image of poly-lysine stripes before washing with PBS c) AFM image of poly-lysine stripes 
after washing. 
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Figure 50. a) AFM image of FN printed on a glass substrate, prior to substrate washing 
b) image detail of patterned area 3.0 μm x 3.0 μm. 
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Figure 51. AFM image of patterned FN with concentration of 10 µg/ml.  A FN pattern 
with sharp edges was clearly demonstrated. a) A close up view of the pattern shows the 
height of the protein was consistent, with a maximum protein height of ~20 nm b) The 
larger scan area had a maximum height of 30 nm.  Image dimensions are 100 x 100 µm 
c) The AFM image of 17 μm channels. 
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Figure 52. Fluorescent image of patterned FN at 50 µg/ml concentration. 
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5.3.5 Directional growth of cells 
The Weather Station was tested to check the accuracy and rise time of the 
temperature. To our satisfaction, the response time of the controller was short enough and 
370 C, the temperature essential for the vitality of forebrain nerve cells, was reached in 
less than 12 minutes (Figure 53).  
The forebrain nerve cells were grown on poly-lysine coated cover slides. The cells 
were fixed using the method explained in Section 5.2.7. The cells were observed on an 
AFM, using fluid contact mode (Figure 54). 
After keeping the cells in the incubator for two days, it was observed that the axons 
followed the printed guides (Figure 55). There was approximately 5000 cells/coverslip. 
Almost 80% of the cells were aligned within 10° with respect to the direction of the 
printed protein patterns. The alignment of the cells of the printed channel showed 
significant difference when compared to the control experiment (p<0.05). The axons 
showed very similar growing times as compared to those of the control experiment 
results. The axon length of the directional growth did not show any significant difference 
with the control experiment (Figure 56).  
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Figure 53. PID temperature control inside the chamber.  
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Figure 54. a) The dissociated forebrain nerve cells on the glass surface under brightfield 
light microscopy, indicating the growth patterns typical of lysine-coated slides b) AFM 
images of the fixed nerve cells reveal the growth cones. The middle portion of the image 
shows an axon, which extends horizontally, and bottom portion shows the growth cone of 
another nerve cell. 
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Figure 55. a) Phase image of forebrain nerve cells a) grown on printed stripes 
b) fully coated poly-lysine. 
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Figure 56. a) 80% of the cells were aligned within 10% with respect to the protein 
patterns. The results are significantly different than the control experiment (p<0.05).      
b) The axon growth rate does not show any significant difference with respect to the 
control experiment (p>0.05). 
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5.3.6 Initial studies on mechanical cell growth 
Following the incubation of dissected forebrain cells in the incubator for two days at 
37°C and 5% CO2, the cells were transferred to the Weather Station chamber. The 
thermometer was controlled constantly for temperature stability and was found to be 37° 
± 0.1° C inside the chamber. Alternate live cell experiments, such as inserting a covering-
cap around the sample, versus imaging of a fully-open coverslip, were performed to 
establish the optimum conditions for the stretching experiments. 
The biggest obstacle in live cell imaging is the lack of closed-loop control of CO2. 
The weather station is so designed, that 5% CO2 is constantly fed through the humidifier 
inside the chamber. However, since the chamber of the Weather Station is unsealed, 
because of the small gaps between the Plexiglass enclosure and the microscope base, a 
carbon dioxide level of 5% may only be kept constant by trial-and-error around the Petri 
dish. The first set of images, where the CO2 was fed inside the chamber without inserting 
a covering-cap around the cells, reveal that the neurons start to die within 3 hours of 
imaging (Figure 57). On the other hand, if the cells are protected by a covering cap, the 
cells could be kept alive for more than 12 hours with no sign of mortality (Figure 58).  
Nevertheless, since the manipulation requires open spacing above the cells, it is not 
possible to perform cell stretching experiments when the top of the Petri dish is covered 
with a cap. 
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Figure 57. Live imaging under the weather station with no-cap for CO2 protection 
a) just after the incubation for two days b) 3 hours after c) 6 hours after. 
(a) 
(b) 
(c) 
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Figure 58. Live imaging under the weather station with cap for CO2 protection 
a) at the end of the two-day incubation period b) 6 hours after c) 12 hours after. 
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For a successful cell stretching, the cells will have to adhere to the PDMS beam 
array. In this procedure, poly-lysine is used as the attachment agent. A 25-mm coverslip 
was coated with PDMS at 10:1 ratio of the base agent and the curing agent, respectively. 
This coated coverslip was inserted inside a vacuum chamber to obtain a bubble-free 
substrate, while simultaneously getting a fully flat surface, and then were neatly inserted 
into the oven for a curing process of approximately 2 hours at 80°C. The previously 
prepared forebrain nerve cells (See Section 6.2.1) were plated onto the coated surface at 
104 cells/PDMS-coverslip, with the exactly same ratio of that of the glass coverslips. 
Nevertheless, it was found out that cells failed to grow on an untreated PDMS.  
Another set of experiment was performed by coating PDMS surfaces with poly-
lysine. The hydrophobic nature of the PDMS prevented an efficient coating of the 
surfaces with poly-lysine. Moreover, the conditions of this experiment could not be 
considered as ideal for the survival of the neurons.  
In a following trial, the PDMS surface was treated with an oxygen plasma cleaner, 
with the intention of achieving a more hydrophilic surface. They were treated for 10 
minutes inside the plasma chamber and were immediately coated with poly-lysine before 
the surface regained its hydrophobic properties. The results of this set of experiments 
could be considered acceptable in the sense that the neurons were able to preserve their 
vitality on the PDMS surface (Figure 59). Since the surface of microbeams also had a 
very hydrophobic nature, they, too, had to be coated with poly-lysine. The same 
procedure elaborated above was followed for the coating of the microbeams. 
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Figure 59. The cells grown on oxygen plasma treated poly-lysine coated PDMS surface. 
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After proving that neurons grow on UV treated PDMS surfaces, the parallel force 
measurement device was lowered onto the cells to stretch the cells. The microbeams were 
brought into contact with the neurons and left in contact up to 3 hours at different 
attempts. At the end of the duration, the micromanipulator was moved for 1 μm with 1  
μm/s. However, the pulling experiment was unsuccessful since a good adhesion has never 
occurred between the beams and the cells. 
 
5.4 Discussion  
During the printing of the microspots, waiting time had no affect on the spots size, 
when the dwell time and humidity were kept constant. However, spot size was highly 
dependent on dwelling time at constant humidity and waiting time. 
The PDMS stamp that was used to print the protein was a large aspect ratio beam 
array. This caused problems in obtaining a regular protein pattern. If a mass was not 
placed on top of the array, full contact could not be achieved, consequently resulting in a 
poor pattern and also many missing dots. On the other hand, placing a weight which 
exceeded the buckling force of the beams also resulted in a poor printed pattern, making 
it impossible to establish a reproducible process. To resolve the problem, an alternative 
beam array with an aspect ratio of 1 was fabricated. Thus, the buckling problem of the 
beams was solved and a suitable mass was placed on the stamp during printing process. 
The optimum value for a 100 x 100 beam array with a 2 cm x 2 cm PDMS base was 20 g. 
If the mass is more than 20 g, the printed spots enlarge more than the intended spot size. 
If the mass is small, then full contact can not be achieved resulting in a poor quality of 
printing. 
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A FN concentration of 5 μg/ml printed on a silanized glass substrate provided the 
smoothest protein pattern with a height of 100 nm. It was observed that surface roughness 
decreased as the protein concentration decreased.  Protein concentrations of 5 μg/ml 
produced protein channels with the smoothest surfaces. Furthermore, protein printing on 
silanized glass substrates resulted in smoother channels, that is deposited protein with a 
height of less than 100 nm, than printing on glass substrates.  However, although the 
patterns are smoother, the edges of the protein channels on silanized glass substrates were 
not straight.  The covalent bond formed between the aldehydic group on the silanized 
glass and the amino-terminal group of FN increased the adsorption of FN onto the 
substrate.  This bond caused FN to flatten and spread, giving the edges of the channels a 
“wavy” appearance. The rabbit primary antibody binds to the FN pattern and the 
secondary antibody, FITC-labeled anti-rabbit-IgG binds to the primary antibody. At the 
end of the process, the patterns were visible under the fluorescent light. The ability of the 
FN to bind with the fluorescent antibodies indicated that FN maintained functionality 
throughout the printing process.   
Unlike the electron microscope which provides a two-dimensional projection or a 
two-dimensional image of a sample, the AFM provides a true three-dimensional surface 
profile. Additionally, samples viewed by AFM do not require any special treatments, 
such as metal/carbon coatings, that would irreversibly change or damage the sample. The 
height information is useful in determining the profile of the surface, since the cells 
prefer flatter and smoother surfaces. 
In addition to pattern transfer, the surface roughness of the FN pattern for each of the 
protein concentrations was determined using the collected AFM images.  The surface 
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roughness was computed for a line that spanned a single protein channel for each of the 
protein concentrations considered.  A smooth protein pattern, that is a protein deposit less 
than 100 nm will provide a better surface in which cells can adhere and proliferate 
(Lenardi, Perego et al., 2006).  The choice of the protein concentration for our printing 
purposes was determined based on surface roughness, pattern transfer and protein 
functionality, which is described as the ability of protein to bind with fluorescent 
antibody.   
Since hydrophobic molecules tend to be non-polar, they display affinity for other 
neutral molecules and non-polar solvents. In water, these molecules often cluster together 
to form micelles. On their hydrophobic surfaces, proteins exhibit a high contact angle, 
which is a disadvantage for cell attachment. During the initial settlement of the neurons, 
cells tend to adhere to flat surfaces. Therefore, a cell will prefer to attach on a protein 
with a lower contact angle.  
Previous studies done on culturing mammalian cells on patterned protein substrates 
have shown that cell proliferation is increased when the surface area between the 
patterned sections is larger than the size of the average cell. Proliferation is slowed when 
the spacing is similar to the size of the cells, but does not occur at all when the surface 
area between protein patterns is smaller than the average size of the cells (Kidambi, Udpa 
et al., 2007).   However, if the separations between the protein patterns are too distant, the 
cells may fill in the space between the pattern (Rozkiewicz, Kraan et al., 2006).  In future 
cell culture experiments, the cells to be used will be chosen depending on the geometry of 
the desired pattern pattern.  Therefore, it is crucial that the increase in surface area of the 
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pattern due to protein spreading on the silanized glass substrate be quantified, and also 
the pattern dimensions of printed protein on the glass substrate be confirmed.  
The results of directional growth of neurons by protein patterning as well initial 
studies on pulling neurons tension were presented. The directional growth on patterned 
proteins was successfully achieved. The cell abundance was approximately half of the 
fully poly-lysine coated glass surface. It was because the neurons were washed away after 
a certain time of plating cells. The washing procedure was performed to eliminate the 
attached cells. The unattached cells affect the live cells if not washed away. Three main 
hurdles in pulling the forebrain cells were the preservation of the cell vitality during the 
manipulation of the beam array over the Petri dish, the adhesion of the protein coated 
beams to the neurons or endothelial cells, and the alignment of the microbeams in a 
horizontal plane. Some of these issues were solved by altering the design, while some 
others could only be partially solved by improving our design.  
The problems in alignment were successfully overcome by designing a fixture, which 
was sufficiently precise in all three axes. However, a computer controlled fixture, which 
can be more precisely controlled by a computer code, would certainly furnish more 
accurate results as compared to ours of a manually controlled design.  
The need of providing living conditions during imaging has motivated a weather 
station design around the microscope with temperature control and CO2 input. This 
design partially eliminated the drawbacks in incubation during live imaging and 
stretching processes, and it was possible to maintain the cell vitality, even when the cells 
had to be kept in a small and physically closed environment. However, since the 
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manipulation of the microbeams requires an open space above the cells, the neurons 
could not survive more than 6 hours during this procedure. 
The cells were able to be grown on PDMS surfaces when the surfaces are oxygen-
plasma treated and coated with poly-lysine. However, the cells never successfully 
attached to the circular microbeams. The cells either did not adhere to the circular 
microbeams or the adhesion forces were very small so that the cells lost the contact with 
the beams even at very small displacements. The circular beams have less contact area 
compared to the rectangular beams. Therefore, the microbeams may be fabricated as 
prismatic beams so that the cells will have more surface area to adhere 
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CHAPTER VI: CONCLUSION AND FUTURE WORK 
6.1 Summary of the principle findings 
During the last decades, numerous studies have been performed on single cell 
responses; however, only a few concentrated on parallel force measurement methods. It 
was, therefore, the aim of this dissertation to present a novel method for designing a high-
aspect-ratio PDMS microbeam array, which would allow an efficient parallel nanoscale 
force measurement. Within this context, the geometry of a PDMS microbeam array was 
parameterized, and a microfabrication and actuation strategy to impose forces in parallel 
was presented.  
The low modulus of elasticity, biocompatibility and transparency are the outstanding 
advantages of PDMS, which render it preferable for force measurements in highly 
compliant cells such as axons. In our work, the modulus of elasticity of PDMS was tuned 
with a curing agent and the optimum value for a solid PDMS beam with the smallest 
modulus of elasticity was found to be between 7% and 10%. The elastic modulus of the 
smaller beams was measured by mechanical testing in order to determine the effect of 
miniaturization and the results were presented. 
The stiffnesses of the microbeams were determined by using Euler beam theory, 
Timoshenko beam theory, and finite element modeling methods (ANSYS). According to 
these calculations, the beam stiffness is related to the diameter by fourth power and 
inversely to the length by third power, whereas the taper ratio is linearly proportional to 
the beam stiffness. As evidenced by the results, a decrease in the base diameter by a 
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factor of ten will bring about a decrease in stiffness by the order of four; an increase in 
length by a factor of ten will result in a decrease in stiffness on the order of three. 
In the dissertation, the method for manufacturing a highly compliant microbeam 
array was demonstrated. A straight-walled and a tapered microbeam array with diameters 
of 10-40 μm and a lengths of 100-250 μm were fabricated, following the proposed 
method. The same pattern with a short-aspect-ratio was also fabricated in order to print 
an array of proteins.  
In order to align the microbeams along the three axes, a high accuracy fixture, 
consisting of a kinematic filter mount (Edmond Optics), which is routinely used to 
precisely align the optic filters, a steel rod attached to the micromanipulator, and an 
aluminum plate to hold the PDMS microbeams, was designed. The alignment screws of 
the kinematic filter mount, 100 TPI, allowed a more accurate alignment of the system 
along all three axes. 
An image analysis method and its validation have been developed for determining 
the displacements of parallel mechanical force sensors. The displacement and the force 
on cellular or on other soft structures are calculated by an Otsu-based image analysis 
code, uses edge detection and image subtraction on digitally captured optical microscopy 
images. 
According to the results furnished by two different printing methods, dip pen-protein 
printing and microcontact printing, used in this study, the former is a highly repeatable 
process, but is not efficient for complicated geometries. Conversely, the microcontact 
printing is not repeatable, but is a very efficient process. Since the microcontact printing 
method eliminates the in-plane alignment problem, it proved to be more suitable for our 
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application, in which the same microbeam pattern is used both for protein printing and 
for force measurement. 
During the course of the study, the directional growth of forebrain nerve cells on 
patterned proteins was also successfully achieved. The results of the directional growth 
were compared with the cell culture on fully coated glass surface. The cell abundance 
was approximately half of the fully poly-lysine coated glass surface. 
 
6.2 Future work 
6.2.1 Alternative methods for more accurate results-PDMS substrate 
Due to the previously mentioned major difficulties encountered in methods, which 
use a microbeam array for pulling cells, research for alternative techniques are still in 
progress in our lab. One of the methods, where the cells will be stretched in parallel on a 
PDMS surface, is expected to provide a significant insight to cell stretching in parallel. 
However, despite our original aim, neither a sufficiently positive attachment between the 
cell and the tip of the microbeam, nor the elevation of the attached unit from the surface 
could be achieved. Therefore, efficient force data was not furnished by these 
experiments. Considering the fact that long-term efforts are needed to reach the ultimate 
success in cell stretching strategies, we wish to conclude our present research by 
proposing an alternative method in future studies for directing the growth of cells at a 
certain rate. 
In this proposed technique, a rectangular flat PDMS surface, with a 5 mm width, 2 
mm thickness and 200 mm length, is fabricated. It is plasma treated for 10 minutes in an 
oxygen plasma cleaner. A microfabricated stamp with 17 μm wide channels, as 
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previously demonstrated (see Chapter 5), is used for microcontact printing, where the 
spacing between each channel is 13 μm. The neurons are plated at 2 x 104 cells/PDMS-
coverslip. The unattached cells are washed away. Remaining cells are incubated for two 
days. The results are expected to comply with those shown in (Figure 55). The PDMS 
coverslip is attached to the manipulator using the fixture. The rectangular PDMS 
substrate is pulled at the lowest resolution of our manipulator with intervals of 40 nm 
(Figure 60) The force exerted on the substrate is calculated according to the  deflection of 
axially loaded beam elongation formula: 
 
L
EAF δ= . (16) 
where F is the force on the cells, δ is the end displacement of the PDMS substrate, A is 
the cross sectional area of the substrate and L is the length of the substrate.  
The same experiments are performed with and without the cells. The deflection 
values of axons are recorded at each force level and “relative deflection- force” curve is 
drawn at different experimental conditions. The spring constant of the PDMS substrate is 
1 μN/ μm, whereas, it is approximately 10 pN/μm for neurons. Since the cells and the 
substrate have to be observed optically and simultaneously, very high-resolution optical 
devices have to be used for achieving the stiffness values of neurons. 
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Figure 60. An alternative method to mechanically exert forces on the neurons. 
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6.2.2 Alternative methods for more accurate results-ACLAR substrate 
The alternative method elaborated in 6.2.1 does not furnish the force information. 
The spring constant of the PDMS substrate is 5 orders of magnitude greater than that of 
the neurons. Since the simultaneous optical observations of the deflections will be 
difficult, another method, which improves the current design of Pfister et al., 2004, may 
be used for measuring forces on neurons in parallel. Pfister et al., 2004 created a device 
to gradually separate two adjoining substrates on which DRGs are cultured. The bottom 
substrate is made of an optically transparent Aclar33C film on which cells can grow. 
Overlapping the Aclar substrate, a towing substrate is placed. The elongation was 
controlled by the displacement of the top membrane (Figure 58). The results indicate that 
DRG axons can be grown reliably and successfully by adopting continuous mechanical 
tension. However, since their study lacks the force data and also the randomly directed 
cell growth at early stages, the below proposed method is proposed as an alternative. 
The design of Pfister et al. does not have any directional growth at early stages of 
neurons. Therefore, cells tend to grow in random directions, which is not necessarily 
parallel to the microstepper motion. In order to address this problem, our proposed design 
uses a substrate of Aclar film with negative protein pattern printing of a non-adhesive 
material that was created by microcontact printing methods. This pattern is used as a non-
adhesive portion of the bottom substrate, to which the cells can not adhere. The forebrain 
cells are cultured, and plated onto the bottom substrate at 2 x 104 cells/ coverslip. After 
the incubation of the cells for 90 minutes, the unattached cells are washed away. The 
towing substrate, a non-coated pure Aclar film, is released on the bottom substrate as 
shown in Figure 58. The directionality of the cells in the early stages of the growth will 
allow the neurons to grow parallel to the direction of motion of the microstepper motor. 
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It is also possible to estimate the force data in this system by modeling the geometry 
in ANSYS with known parameters of elastic modulus of Aclar, coefficient of friction 
between Aclar surfaces, and the geometry of the towing substrate. The inputs of the 
model will be the deflection of the top surface, the friction force between the two 
contacting Aclar surfaces, and the normal force on the substrate.  
 
 
 
 
Figure 61. Aclar substrate towed by a microstepper motor is used for DRG elongation 
(Pfister et al., 2004). 
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6.3 Conclusion 
The device, designed and fabricated in this study, has the ultimate goal of 
determining the mechanical properties of cellular substructures, such as axons, by 
measuring the deflection and establishing the stiffness values of the beams, both 
analytically and experimentally. Consequently, future prospective research following the 
path of this project will lead to the accurate measurement of forces on structures, such as 
axons, allowing a better understanding of the roles particular cytoskeletal and molecular-
motor-driven forces play in the growth, maintenance and regeneration of nerves. 
Our experiments with the alternative methods furnished valuable information for the 
improvement of results in similar future studies. For example, the first method, which 
uses a flat PDMS surface, is shown to be ideal for growing the cells in parallel, despite 
the fact that meaningful force data could not be obtained. In any case, this method can 
provide preliminary force data, which may be used as a test bed for different 
pharmaceuticals.  The second alternative method which uses the Aclar film is currently 
under development in our laboratory. The results of Pfister et al., 2004 and the results of 
this dissertation reveal that a successful force measurement device can, and will, be 
achieved and applied to different cells, such as forebrain neurons and DRGs. 
We have made considerable progress towards the two primary long-term objectives 
of this project, which are the development of a device for testing the hypotheses 
regarding the contributions of specific protein structures, such as actin and tubulin, and 
specific molecular motors, such as myosin and kinesin, on axonal growth mechanics, and 
secondly, the utilization of this device in guiding neuronal growth in a specific pattern of 
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an electrically active substrate, which may ultimately lead to the fabrication of  neuronal-
based bio-sensor devices.  
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APPENDIX A: MATLAB CODE TO OBTAIN FORCES AND DISPLACEMENTS 
OF THE BEAMS UNDER THE OPTICAL MICROSCOPE 
[BW2_labeledRGB, stats_BW2e] = mm_deflect_final_image1_fun; 
[BW2_labeledRGBd, stats_BW2ed] = mm_deflect_final_image2d_fun; 
 
figure, imshow(BW2_labeledRGB) 
 
%extrema 6, bottom-left corner, y --> deneme.Extrema(6,2) 
 
for obje = 1:16 
    deneme = stats_BW2e(obje); 
    textici = sprintf('%d',obje); 
    text(deneme.Extrema(6,1),deneme.Extrema(6,2),textici); 
end 
 
figure, imshow(BW2_labeledRGBd) 
%extrema 6, bottom-left corner, y --> deneme.Extrema(6,2) 
for obje = 1:16 
    deneme = stats_BW2ed(obje); 
    textici = sprintf('%d',obje); 
    text(deneme.Extrema(6,1),deneme.Extrema(6,2),textici); 
end 
 
% correspondence: org --> deflected 
%  2  7 11 15  3  6 10 14  1  5  9 13  original 
%  4  8 12 16  3  7 11 15  2  5 10 14  deflected 
 
corr_org(1) =  stats_BW2e(2); 
corr_org(2) =  stats_BW2e(7); 
corr_org(3) =  stats_BW2e(11); 
corr_org(4) =  stats_BW2e(15); 
corr_org(5) =  stats_BW2e(3); 
corr_org(6) =  stats_BW2e(6); 
corr_org(7) =  stats_BW2e(10); 
corr_org(8) =  stats_BW2e(14); 
corr_org(9) =  stats_BW2e(1); 
corr_org(10) =  stats_BW2e(5); 
corr_org(11) =  stats_BW2e(9); 
corr_org(12) =  stats_BW2e(13); 
 
 
corr_defl(1) =  stats_BW2ed(4); 
corr_defl(2) =  stats_BW2ed(8); 
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corr_defl(3) =  stats_BW2ed(12); 
corr_defl(4) =  stats_BW2ed(16); 
corr_defl(5) =  stats_BW2ed(3); 
corr_defl(6) =  stats_BW2ed(7); 
corr_defl(7) =  stats_BW2ed(11); 
corr_defl(8) =  stats_BW2ed(15); 
corr_defl(9) =  stats_BW2ed(2); 
corr_defl(10) =  stats_BW2ed(5); 
corr_defl(11) =  stats_BW2ed(10); 
corr_defl(12) =  stats_BW2ed(14); 
 
figure, imshow(BW2_labeledRGB) 
 
for obje = 1:12 
    deneme = corr_org(obje); 
    textici = sprintf('%d',obje); 
    text(deneme.Extrema(6,1),deneme.Extrema(6,2),textici, 'color', 'r'); 
end 
 
resim2 = imread('image1.jpg'); 
figure, imshow(resim2) 
for obje = 1:12 
    deneme = corr_org(obje); 
    textici = sprintf('%d',obje); 
    text(deneme.Extrema(6,1),deneme.Extrema(6,2),textici, 'color', 'r'); 
end 
 
figure, imshow(BW2_labeledRGBd) 
 
for obje = 1:12 
    deneme = corr_defl(obje); 
    textici = sprintf('%d',obje); 
    text(deneme.Extrema(6,1),deneme.Extrema(6,2),textici); 
end 
 
% y --> deneme.Extrema(6,2) 
 
figure, imshow(resim2) 
 
 
for obje = 1:9 
    deneme = corr_org(obje); 
    p1 = deneme.Extrema(6,2);        %pixels 
    deneme2 = corr_defl(obje); 
    p1d = deneme2.Extrema(6,2);    %pixels 
    r1d = p1d*(400/1024);                %microns 
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    r1 = p1*(400/946);                      %microns 
    r1dif = (r1d-r1);  
    x1 = abs( (abs(r1dif))-120 ); 
    F1 = ((3*(10^6)*pi*(0.02^4))/(4*(0.12^3))) * x1; 
    textici = sprintf('x_%d=%5.2f\nF_%d=%5.2f',obje,x1,obje,F1); 
    text(deneme.Extrema(1,1),deneme.Extrema(1,2),textici, 'color', 'r'); 
end 
 
for obje = 10:12 
    deneme = corr_org(obje); 
    p1 = deneme.Extrema(6,2); %pixels 
    deneme2 = corr_defl(obje); 
    p1d = deneme2.Extrema(6,2); %pixels 
    r1d = p1d*(400/1024); %microns 
    r1 = p1*(400/946);  %microns 
    r1dif = (r1d-r1);  
    x1 = abs( (abs(r1dif))-120 ); 
    F1 = ((3*(10^6)*pi*(0.02^4))/(4*(0.12^3))) * x1; 
    objen = obje-10; 
    textici = sprintf('x_1_%d=%5.2f\nF_1_%d=%5.2f',objen,x1,objen,F1); 
    text(deneme.Extrema(1,1),deneme.Extrema(1,2),textici, 'color', 'r' ); 
end 
 
figure, imshow(resim2) 
 
 
for obje = 1:9 
    deneme = corr_org(obje); 
    p1 = deneme.Extrema(6,2);                 %pixels 
    deneme2 = corr_defl(obje); 
    p1d = deneme2.Extrema(6,2);             %pixels 
    r1d = p1d*(400/1024); %microns 
    r1 = p1*(400/946);  %microns 
    r1dif = (r1d-r1);  
    x1 = abs( (abs(r1dif))-120 ); 
    F1 = ((3*(10^6)*pi*(0.02^4))/(4*(0.12^3))) * x1; 
    textici = sprintf('x_%d=%5.2f\nF_%d=%5.2f',obje,x1,obje,F1); 
    text(deneme.Extrema(1,1),deneme.Extrema(1,2),textici, 'color', 'b'); 
end 
 
for obje = 10:12 
    deneme = corr_org(obje); 
    p1 = deneme.Extrema(6,2);                 %pixels 
    deneme2 = corr_defl(obje); 
    p1d = deneme2.Extrema(6,2);             %pixels 
    r1d = p1d*(400/1024); %microns 
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    r1 = p1*(400/946);  %microns 
    r1dif = (r1d-r1);  
    x1 = abs( (abs(r1dif))-120 ); 
    F1 = ((3*(10^6)*pi*(0.02^4))/(4*(0.12^3))) * x1; 
    objen = obje-10; 
    textici = sprintf('x_1_%d=%5.2f\nF_1_%d=%5.2f',objen,x1,objen,F1); 
    text(deneme.Extrema(1,1),deneme.Extrema(1,2),textici, 'color', 'b' ); 
end 
 
% last text goes to top left 
% extrema 1, top-left corner, 
% text(deneme.Extrema(1,1),deneme.Extrema(1,2),textici); 
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